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Summary 
 
In this thesis the synthesis of well-defined polystyrene-block-polyglycidol (PS-b-
PG) block copolymers, their micelle formation and the use of these micelles for 
the preparation of hybrid inorganic/organic materials are described. The hybrid 
materials are used for patterning of highly ordered TiO2 nanoparticles on a 
silicon wafer. 
 
The amphiphilic block copolymers were synthesized by sequential anionic 
polymerisation of the corresponding monomers in benzene with the sec-butyl 
lithium/phosphazene base initiating system to achieve well-defined polystyrene-
block-poly(ethoxy ethyl glycidyl ether) (PS-b-PEEGE) block copolymers. It was 
shown that chain-transfer reactions during the polymerisation process limit the 
molecular weight of the PEEGE block and tailing in the SEC traces indicated 
the presence of PEEGE homopolymer. The removal of the protection group was 
achieved with concentrated hydrochloric acid or an acidic ion exchange resin. In 
both cases the deprotection was quantitative, but in case of the hydrochloric 
acid the reaction conditions played a very important role; under optimal 
conditions no degradation of the PEEGE block in the copolymer was observed. 
The PG homopolymer inside the block copolymer was responsible for the tailing 
in SEC and was removed by precipitation of the block copolymer in distilled 
water. The glass transition temperatures of PS-b-PEEGE and PS-b-PG were 
determined by DSC. It could be shown that the PS-b-PEEGE block copolymers 
were completely miscible proven by only one glass transition temperature. In 
contrast, the PS-b-PG block copolymers had two glass transition temperatures 
showing their immiscibility. 
The PS-b-PG block copolymers were used for the preparation of micellar 
solutions in toluene as selective solvent. The micelles were characterized by 
static and dynamic light scattering as well as small angle X-ray scattering. The 
results of the light scattering experiments showed that copolymers containing a 
mass fraction of PG block below 0.5 self-assembled into core-shell micelles, 
while samples with higher PG content formed non-specifically aggregated 
  
 
 
x 
particles. Their presence resulted most probably from multiple hydrogen bond 
formation between PG units that could strongly restrict their complete 
equilibration in solution. Additionally, the micellar solutions of PS-b-PG block 
copolymers were coated onto mica as substrate. It could be shown by SFM and 
TEM that the dried micelles had mostly a spherical shape. 
The well-defined core-shell micelles of PS-b-PG were loaded with concentrated 
hydrochloric acid and titanium(IV) isopropoxide (Ti(OR)4) which lead to 
hydrolysis of the titanium alkoxide within the micellar core. It was proven that a 
condensation reaction lead to a permanent connection between glycidol units 
and the inorganic component. As a consequence, stable hybrid micelles were 
obtained, which were coated onto a substrate to form a thin film and analyzed 
again by SFM and TEM. 
The cross-linked micelles were used for the highly controlled nanostructuring of 
TiO2 on the surface. The titanium-loaded micellar solutions were coated onto a 
silicon wafer to obtain thin films. These thin films were treated with hydrogen 
plasma to remove the organic material and convert the titanium alkoxide to well-
defined TiO2 nanoparticles. The hexagonal ordering of TiO2 was proven by 
microscopic techniques and X-ray photoelectron spectroscopy confirmed the 
chemical nature of the particles. 
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Zusammenfassung 
 
Die vorliegende Arbeit befasst sich mit der Synthese von eindeutig definierten 
Polystyrol-block-Polyglycidol (PS-b-PG) Blockcopolymeren. Die Block-
copolymere finden Verwendung bei der Herstellung von Mizellen bzw. bei deren 
Nutzung für die Herstellung hybrider anorganisch/organischer Materialien. 
Diese hybriden Materialien werden gebraucht, um geordnete TiO2-Nanopartikel 
auf einem Silizium-Wafer herzustellen.  
 
Die amphiphilen Blockcopolymere wurden mittels sequenzieller anionischer 
Polymerisation der zugehörigen Monomere in Benzol mit dem Initiatorsystem 
sek.-Butyllithium/Phosphazenbase hergestellt, um eindeutig definierte Poly-
styrol-block-Poly(Ethoxyethylglycidylether) (PS-b-PEEGE) Blockcopolymere zu 
erhalten.  Es konnte gezeigt werden, dass während der Polymerisation eine 
Kettenübertragung stattfand, die das Molekulargewicht des PEEGE-Blockes 
limitierte. Des Weiteren trat eine Verbreiterung der GPC-Elutionskurve auf, 
welches darin begründet lag, dass PEEGE-Homopolymer im Blockcopolymer 
enthalten war. Die Entfernung der Schutzgruppe wurde mittels konzentrierter 
Salzsäure oder einem sauren Ionenaustauscher realisiert. In beiden Fällen war 
die Entschützung vollständig, allerdings waren die Reaktionsbedingungen bei 
der Benutzung von Salzsäure entscheidend. Unter den optimalen Bedingungen 
trat kein Abbau der PEEGE-Kette auf. Das Polyglycidolhomopolymer, welches 
das GPC-Signal verbreiterte, wurde mittels Ausfällen in destilliertem Wasser 
entfernt. Die Glasübergangstemperaturen der beiden Blockcopolymere (PS-b-
PEEGE und PS-b-PG) wurde mit DSC bestimmt. Die Ketten des PS-b-PEEGE 
Blockcopolymers waren komplett mischbar, was durch das Vorhandensein von 
nur einem Glasübergang bestätigt wurde. Im Gegensatz dazu waren die Ketten 
des PS-b-PG Blockcopolymers nicht vermischbar und somit waren zwei 
Glasübergangstemperaturen vorhanden. 
Die PS-b-PG Blockcopolymere wurden für die Herstellung von mizellaren 
Lösungen in Toluol als selektivem Lösungsmittel verwendet. Die Mizellen 
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wurden mittels statischer und dynamischer Lichtstreuung, sowie Kleinwinkel-
Röntgenstreuung charakterisiert. Die Ergebnisse der Lichtstreuungs-
experimente zeigten, dass sich die Blockcopolymere mit einem Massenanteil 
von PG unter 0.5 in Kern-Schale-Mizellen anordneten, während bei den 
Blockcopolymeren mit einem höheren PG-Gehalt unspezifische Aggregate 
entstanden. Der Grund für dieses Verhalten war die Ausbildung von multiplen 
Wasserstoffbrückenbindungen zwischen den PG-Einheiten, die das 
Gleichgewicht in Lösung stark begrenzten. Des Weiteren wurde das 
Trägermaterial Glimmer (mica) mit der Mizelllösung des PS-b-PG 
Blockcopolymers beschichtet. AFM- und TEM-Untersuchungen zeigten, dass 
die getrockneten Mizellen eine sphärische Gestalt besaßen. 
Die eindeutig definierten Kern-Schale-Mizellen der PS-b-PG Blockcopolymere 
wurden mit konzentrierter HCl und Titanium(IV)isopropoxid beladen, was zur 
Hydrolyse des Titaniumalkoxids im Mizellkern führte. Es konnte gezeigt werden, 
dass es zu einer Kondensationsreaktion zwischen den Glycidol-Einheiten und 
der anorganischen Komponente kam und eine permanente Bindung entstand. 
Als Konsequenz ergaben sich stabile hybride Mizellen, die auf einen Träger 
gebracht werden konnten. Der dünne Film, der dadurch entstand, wurde mittels 
AFM und TEM untersucht.  
Des Weiteren wurden die vernetzen Mizellen für die Herstellung von gut 
kontrollierten TiO2-Nanostrukturen auf einem Träger eingesetzt. Dazu wurde ein 
Silizium-Wafer mit der Titaniumalkoxid-beladenen mizellaren Lösung 
beschichtet. Der dünne Film wurde danach mit Wasserstoff-Plasma behandelt, 
um das organische Material zu entfernen und das Titaniumalkoxid in eindeutig 
definierte TiO2-Nanopartikel zu überführen. Die hexagonale Anordnung der 
TiO2-Nanopartikel wurde mittels mikroskopischer Untersuchungen überprüft 
und die Röntgenphotoelektronenspektroskopie bestätigte die chemische Natur 
der Partikel. 
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1.1 Nanomaterials – Block Copolymers in Nanoscience 
 
In the last two decades nanomaterials became very popular for many scientists 
and a large number of papers, reviews, and even books were published on the 
area of nanoscience.1-4 Examples of journal covers containing so-called “nano” 
topics, which were founded in the last decade, are shown in Figure 1. 
 
 
Figure 1. Some journal covers of different publishers: ACS Nano (American Chemical Society) 
2007; Journal of Nanomaterials (Hindawi Publishing Cooperation) 2010; Nano Letters (ACS) 
2010; Nature Nanotechnology (Nature Publishing Group) 2010. 
 
These nanomaterials were of great interest in a broad field of applications (see 
Figure 2) and were used for example as sensors, catalysts, membranes, 
(bio)functional materials, drug delivery systems, or in diagnostics, optics, 
electronics.2-18 
 
 
Figure 2. Application fields of nanomaterials. 
 
Chapter 1 
 
2 
Nanoparticles 
Metallic nanoparticles tend to aggregate in solution because of van-der-Waals 
attraction force. To avoid this aggregation the particles need to be stabilized, 
this is done generally by electrostatic or steric stabilisation. The stabilisation 
effect of polymers is the steric repulsion of the adsorbed chains.19 Another 
effect of amphiphilic block copolymers is the control over particle size and 
distance via the degree of polymerisation of each block in the copolymer.20,21  
 
The modern synthesis of nanoparticles is carried out with a combination of 
traditional, colloidal synthetic techniques and the self-assembly process of 
amphiphilic block copolymers in three different ways.4  
(i) Direct synthesis or cooperative self-assembly: both compounds block 
copolymer and metal precursor are self-assembled together through non-
selective interaction and inverse micelles with encapsulated precursor 
are obtained.  
(ii) Spatial confinement reaction or microemulsion: a two step process, 
where the block copolymer micelles are formed first and loading with the 
precursor follows. 
(iii) Surface confinement reaction: the block copolymer micelles were 
coated as thin films onto a substrate and act as templates for the 
nanoparticle synthesis. 
 
A variety of (transition) metals are used to prepare metallic nanoparticles (Table 
1) by the methods described above.4 
 
 
Table 1. Examples of various nanoparticles. 
composition nanoparticles 
pure metal Au, Ag, Pd, Pt, Cu, Co, Ni, Ru 
semiconductor GaAs, CdTe, CdSe, CdS. ZnSe, AgBr 
metal oxide SiO2, Al2O3, TiO2, CeO2, Fe3O4, ZrO2, ZnO, SnO2 
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1.2 Content of this thesis 
 
This thesis deals with the synthesis of amphiphilic PS-b-PG block copolymers, 
their micelle formation in selective organic solvents and the use of these 
micelles for the preparation of hybrid inorganic/organic materials. The hybrid 
materials were used for patterning of highly ordered TiO2 nanoparticles on 
different substrates. 
 
After the introductory chapter, Chapter 2 gives a short literature overview to 
introduce briefly the topics of this thesis: metal nanoparticles, self-assembly of 
amphiphilic block copolymers and anionic polymerisation.  
 
Chapter 3 describes the synthesis of reactive amphiphilic block copolymers by 
(i) sequential anionic polymerisation of the corresponding monomers in 
benzene using a s-BuLi/P4-t-Bu initiating system to achieve well-defined PS-b-
PEEGE block copolymers and (ii) the deprotection of these block copolymers 
with different deprotecting agents resulting in PS-b-PG block copolymers. 
 
These PS-b-PG block copolymers are used for the preparation of micellar 
solutions in selective organic solvents in Chapter 4. The micellar solutions were 
investigated by light scattering, SFM and TEM. 
 
In Chapter 5 the preparation of organic/inorganic hybrid materials by using 
Ti(OR)4 as precursor and the PS-b-PG micelles is shown. The analysis of these 
hybrid materials was carried out via light scattering (DLS, SLS, SAXS) and 
visualisation techniques.  
 
Finally Chapter 6 describes the preparation of thin films out of the micellar 
solutions of PS-b-PG block copolymers in toluene loaded with aqueous HCl and 
Ti(OR)4 and of TiO2 nanoparticles on silicon wafers. 
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2.1 Formation of Metal Nanoparticles  
 
In recent years metal nanoparticles or inorganic/organic hybrid materials have 
shown great promise for a wide field of applications (medicine, (photo)catalysis, 
electronics, optics).1-5 Accordingly, a variety of different physical or chemical 
methods have been established for the preparation of metal nanoparticles or 
hybrid materials.6-19 Different metallic particles have been prepared by several 
chemical methods: reduction of the corresponding metal salts, solvothermal 
synthesis, thermolysis, sol-gel method, use of (inverse) micelles, and 
decomposition of precursor compounds.20-28 Commonly used physical methods 
today are thermal, laser ablation and evaporation;29-42 however the chemical 
route has the advantages of better control over particle sizes, shapes, and 
functionalities.28 
 
In this thesis, the sol-gel process and the particle synthesis using block 
copolymers as surfactants/templates were applied for nanoparticle preparation, 
because these methods are most effective for the preparation of samples with a 
narrow particle size distribution. Therefore, the sol-gel process and the block 
copolymer template preparation will be discussed in more detail in the following.  
 
 
2.1.1 Sol-gel process 
The most common chemical method for the preparation of ceramic materials 
(SiO2, Al2O3 or TiO2) is the sol-gel process.43-48 In 1990 Hench and West 
published a review about the sol-gel process of Si-containing materials, which 
comprises the following reaction steps: mixing, casting, gelation, aging, drying, 
dehydration or chemical stabilisation, and densification.43  
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Figure 1. Sol-gel process: (A) hydrolysis, (B) (poly)condensation, and (C) gelation. 
 
In Figure 1 the first steps from mixing to gelation are depicted. During the 
mixing step hydrolysis (A) starts the process by conversion of the alkoxide 
groups of the metal precursor to alcohol groups. The subsequent reaction is the 
condensation (B), or better polycondensation, where these alcohol groups react 
under etherification and gelation (C) occurs in the next step. 
This process has some limitations: (i) the metal precursors require an alkoxide 
group otherwise no reaction occurs; (ii) aging of the gel (so-called syneresis) 
leads to shrinkage of the gel by expulsion of liquid from the pores; and (iii) 
stabilisation of the gel is necessary to avoid further reactions. 
 
 
2.1.2 Block copolymers as surfactants 
A second method for the preparation of metal nanoparticles is the use of 
surfactant templates.49-53 One large class of surfactants are amphiphilic block 
copolymers, which can form micelles in a selective solvent. The formed micellar 
structures can be used as templates for the nanoparticle preparation. The 
procedure is shown in Figure 2.6,54-61  
A short overview 
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Figure 2. Preparation of micelles, micelle loading and the formation of ordered arrays 
of single nanoparticles by additional plasma treatment. 
 
In the first step the amphiphilic block copolymer is dissolved in a selective 
solvent, which leads to formation of core-shell micelles. These micelles are then 
loaded with a metal precursor salt, which diffuses into the micelle core and 
interacts with the core-forming block. The micellar solution can then be 
deposited on a substrate by two different routes: (i) direct coating of the 
substrate with the precursor-loaded micelles or (ii) conversion of precursor to 
nanoparticle by chemical reduction of the metal salt before coating. The last 
step is the plasma treatment of the coated substrates, which has two different 
effects: (i) complete removal of the polymer, and (ii) full conversion of precursor 
to single nanoparticles. 
 
Using the block copolymer template synthesis, the size and periodicity (or 
center-to-center distance) of the deposited particles can be controlled. In Figure 
3 these two characteristics of the formed nanoparticles are shown: (i) the 
particle diameter depends on the length of the core-forming block (shown in 
green); and (ii) the periodicity of the formed particles can be controlled by the 
shell-forming block (shown in red).55 
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Figure 3. Nanoparticle size (green) and periodicity (red) is given by the chain lengths of the 
used block copolymer. 
 
If the shell-forming block gets longer also the periodicity between the particles 
get larger. When the core-forming block gets shorter less metal precursor is 
encapsulated in the micellar core and the particle diameter becomes smaller.55 
 
The stability of the loaded micelles in solution is influenced by the interactions 
between the metal precursor and the corresponding block of the copolymer, and 
is usually higher than the block copolymer alone. In most cases the interaction 
is of ionic or coordinative nature; two examples between an AuCl4-anion and 
different block copolymers are shown in Scheme 1 (A: PS-b-P2VP and B: PS-b-
PEO).55,62  
 
 
Scheme 1. Interactions between the more hydrophilic block of PS-b-P2VP (A) and PS-b-PEO 
(B) with HAuCl4 (A) or LiAuCl4 (B), respectively. 
A short overview 
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The loaded micelles are stable under preparation conditions, but the stability 
decreases upon dilution or changing of the solvent. In both cases the interaction 
between metal ion and polymer are not weakened and the micelles destabilize 
or even collapse. To avoid this problem covalent interaction would be desirable, 
but only few examples using such interactions have been reported in the 
literature. Covalent binding between the metal and the block copolymer was 
achieved by metal-functionalized monomers,58,63-66 or by using reactive groups 
which can permanently bind with the metal/metal precursor.67,68 
 
Conversion of the metal precursor molecules to the single nanoparticles has 
been obtained by several methods, but the most investigated procedures are 
annealing by temperature or UV light and plasma treatment. In both cases the 
loaded micelles were coated onto a substrate by dip-, spin-coating or spreading 
(Figure 4) and subsequently treated with the chosen method.6,44,55,56,59,61,69  
 
 
Figure 4. Different methods to deposit loaded micelles onto a flat surface. A: spreading; B: dip-
coating; and C: spin-coating (adepted from 56). 
 
 
For the preparation of highly ordered nanoparticle arrays monodisperse 
micelles are necessary. Therefore the effect of different parameters on self-
assembly of amphiphilic block copolymers has to be investigated in order to 
obtain defined uniform structures. The next sections will give a short summary 
about this topic. 
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2.2 Self-Organisation of Amphiphilic Block Copolymers  
 
The self-assembly of amphiphilic block copolymers in bulk or in solution is 
described in the literature of the last decades.70-81  
 
 
Figure 5. Examples for self-assembly structures of an amphiphilic block copolymer. 
 
The different structures, some of them are shown in Figure 5, were used in a 
wide range of applications. Polymer micelles were used in drug delivery 
systems,82,83 as dispersants, emulsifiers, wetting agents or foam stabilizers in 
chemical industry,74,75,79,81 or as templates in the preparation of 
nanoparticles.54,71,74,75 Polymer vesicles or polymersomes were used (i) as 
drug-release system, (ii) to encapsulate hydrophilic or hydrophobic substances, 
(iii) to mimic (bio)membranes, and (iv) as sensors in medical applications.72,76,84-
86  
 
 
2.2.1 Micelle formation 
In this thesis the self-assembly in solution, especially the formation of spherical 
micelles, is investigated. Figure 6 shows two different types of spherical 
micelles.  
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Figure 6. Spherical micelles can be divided in “star-like” or “crew-cut” type. 
 
In both cases, when the amphiphilic block copolymer is diluted in a selective 
solvent, the better soluble block forms the micellar shell and the less soluble 
block the micellar core. 
 
Several parameters affect for the micelle formation:87-90  
 type of block (type of monomers),91 
 composition of the block copolymer,92 
 molecular weight of each block,93 
 interaction between the blocks,  
 used concentration,94 
 used solvent (selective for one block or unselective),95-97 
 temperature and pH value,98-100 
 use of additives (salts, surfactants, etc.).101 
 
For example, a polystyrene-block-poly(ethylene oxide) copolymer will form 
micelles in toluene, which is selective for polystyrene, as well as in water, which 
is selective for poly(ethylene oxide).62,69,102,103 In both cases the chain length of 
the insoluble block will decide which type of micelle will be formed. At higher 
degree of polymerisation of the soluble block the micelles are “star-like”, but 
with a longer insoluble block “crew-cut” micelles are formed (Figure 6). 
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2.2.2 Characterisation methods 
To characterize the micelles, different light scattering methods or visualisation 
techniques are used to determine parameters, like: (i) the hydrodynamic radius 
Rh, (ii) the z-average radius of gyration Rg, (iii) the aggregation number Nagg, (iv) 
the critical micelle concentration cmc, (v) the average particle volume Vmicelle, 
(vi) the periodicity of the particles, and (vii) the micelle diameter. 
 
Light scattering methods 
a. Static light scattering (SLS) measures the elastically scattered light intensity 
as a function of scattering angle θ. The light intensity in organic micelle 
solutions is normally sensitive to θ. The extrapolation to zero angles gives 
the value of weight-average molecular weight Mw, the aggregation number 
Nagg, and the angular dependence the z-average radius of gyration Rg.  
The most common method to determine Rg is the ZIMM extrapolation which 
is defined as: 
     0 20 2
2 d1d1 Vr
V
m
m
mr
m
Rg     (1) 
with (Rg)2 the square radius of gyration, m the particle mass, V the volume of 
the particle, and r the distance from the center of mass within a particle.104  
For hard spheres the radius of gyration is related to the sphere radius R as: 
   RRg 778.0        (2) 
The aggregation number Nagg is calculated by equation 3: 
   
cmc
cNagg  2       (3) 
where c is the copolymer (or surfactant) concentration and cmc the critical 
micelle concentration. This equation is valid for simple morphologies 
(spheres, rods, vesicles). 
 
b. Dynamic light scattering (DLS) measures the temporal fluctuations of 
scattered light intensity I. The autocorrelation function g(2)(θ,t) between 
counts measured at angle θ over an interval t is recorded: 
        

  
S
S
stsIsI
S
tg
0
0
2 d1lim,      (4) 
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By using CONTIN program the distribution of relaxation times, A(t), is 
yielded by Laplace transformation of equation 4. The decay rates of the 
relaxation modes provide translation diffusion coefficients. 
DLS is used for determination of the hydrodynamic radius Rh of the micellar 
particles in polymer solutions by using the Stokes-Einstein equation: 
   
D
TkR Bh 6        (5) 
where kB is the Boltzmann constant, T the absolute temperature, η the 
solvent viscosity and D the diffusion coefficient.  
The ρ-parameter (equal to Rg/Rh) varies for different particle architectures or 
geometries and is a valuable parameter for structure estimation. 
Another important parameter is the critical micelle concentration (cmc), 
which is the concentration where the single polymer chains start to 
aggregate and form micelles. This can be measured via DLS and is detected 
by increased light intensity at 90 ° at a certain concentration (cmc). 
 
c. Small-angle x-ray scattering (SAXS) is used to determine micelle 
dimensions with the so-called form factor F(q)2 and to provide intra-micellar 
interactions with the structure factor S(q) via suitable models. The time-
averaged scattered intensity distribution I(q) is: 
     qSqFqI  2       (6) 
where q is the scattering vector, calculated by equation 7: 
   2/sin/4  q       (7) 
The radius of gyration Rg can also be obtained from SAXS measurements 
using the Guinier equation (is only valid for small scattering angles): 
       



3
exp0
22
gRqIqI      (8) 
 
Visualisation techniques 
a. Scanning force microscopy (SFM) gives information on the topography and 
surface stiffness of the sample. Generally different SFM modes were used: 
(i) contact, (ii) non-contact, and (iii) tapping mode.6,71,75 
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In the contact mode the tip contacts the surface through the adsorbed fluid 
layer on the sample surface (left image of Figure 7), but in the non-contact 
the tip only oscillates above this adsorbed fluid layer (right image of Figure 
7).  
 
Figure 7. Contact (left) and non-contact (right) SFM images of a surface with a droplet of 
water (adapted from 105). 
 
Another case is the tapping mode, where the cantilever oscillates at or near 
its resonance frequency and the tip lightly “taps” on the sample surface. The 
tapping mode has the advantage of higher lateral resolution than in the non-
contact mode and less damage to soft samples during scanning like in the 
contact mode, but the scan speed is not as fast as in the contact mode.71 
The average particle volume (Vmicelle) of dried micelles as spherical caps on 
the substrate is calculated by equation 10: 
    
6
3 22 hrhVmicelle
       (10) 
where h is the height and r stands for the radius (or half periodicity) of the 
micelles measured by SFM. 
 
b. Energy filter transmission electron microscopy (EFTEM) analyses the 
electron contrast within thin films. The intensity of transmitted electrons is 
inversely proportional to the electron density of a section of material through 
which it has passed. The resolution of an EFTEM is higher than FESEM, but 
the contrast within many soft materials is insufficient and the samples have 
to be stained (typically staining agents are OsO4 and RuO4).75,106  
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Figure 8. Schematic energy loss spectrum with 3 different regions: A: zero-loss peak, B: 
plasmon-loss region, and C: inner-shell loss region. The insert shows the process of energy 
loss after ejection of an electron. 
 
The EFTEM is able to produce an additional electron energy loss spectrum 
(EELS) between 0 and 2000 eV. These spectra have three main features (i) 
zero-loss peak, (ii) plasmon-loss region, and (iii) the characteristic 
absorption edges at higher energy (Figure 8). These absorption edges 
derive from the inner shell excitation of the sample elements, which make 
them useful for qualitative and quantitative elemental analysis.107 
 
c. Field emission gun scanning electron microscopy (FESEM) gives 
information on the sample structure in sub-nanometer resolution. The field 
emission gun is used to produce an electron beam that is smaller in 
diameter, more coherent and with up to three orders of magnitude higher 
current density or brightness than with a conventional thermionic emitters 
(tungsten or lanthanum hexaboride tipped filaments) which are used in 
conventional scanning electron microscopes. 
A schematic cross section of a SEM is given in Figure 9. The electron beam 
scans across the object, knocking secondary electrons out of its surface 
atoms. These secondary electrons are detected and form the image.  
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Figure 9. Schematic cross section of a scanning electron microscope. 
 
 
To achieve a monodisperse micelle population the amphiphilic block 
copolymers used must be well-defined with a narrow molecular weight 
distribution. This is best obtained by anionic polymerisation which is described 
in the next section. 
 
 
 
2.3 Anionic Polymerisation  
 
The synthesis of block copolymers can be performed by different polymerisation 
methods like radical, ionic, ring-opening or coordinative polymerisations.108-111 
Two types of ionic polymerisation can be distinguished: (i) cationic and (ii) 
anionic polymerisation. The anionic polymerisation is the method of choice in 
this thesis because the cationic polymerisation is limited by the range of 
monomers which can be polymerized.110  
 
The first publications on anionic polymerisation of styrene was written by 
Szwarc in 1956.112-115 Until now many studies on anionic polymerisation using a 
variety of monomers have been published.116-118 Hadjichristidis and co-workers 
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for example published several comprehensive reviews about anionic 
polymerization techniques used for the preparation of functional monomers and 
polymers with complex architectures (Figure 10).119-123  
 
Figure 10. Examples for architectures of diblock or triblock copolymers. 
 
 
In order to achieve complex structures or specific functionalities of polymers, 
different type of polymerisation techniques can be combined. Bivalent initiators 
or end-capping of the first polymer chain with a functional group can be used for 
this purpose, since a second polymerisation step can be initiated after the first 
one is complete.124-126 
 
 
 
 
2.3.1 Monomers, initiators, solvents and termination agents108-125,127-134 
Monomers 
Two different monomer classes can be polymerised under anionic conditions: (i) 
vinyl monomers (styrene and derivatives, dienes, acrylates, etc.), where the 
double bond of the component will undergo polymerisation; and (ii) heterocycles 
(epoxides, lactones, lactides, siloxanes, etc.) which react by ring-opening.  
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Initiators 
As initiating systems two types are usually used: (i) addition initiators or (ii) 
electron transfer initiators. In both cases a positively charged metal counter ion 
of the first two elemental groups of the periodic system is present and plays an 
important role during the polymerisation process.  
 
 
Scheme 2. Reaction of styrene with the two different initiator classes. A: addition of a carbanion 
to styrene leading to an unidirectional chain growth, B: electron transfer followed by 
dimerisation of the radical anion leading to a bidirectional chain growth. 
 
In Scheme 2 the different initiation reactions of styrene (as an example) with the 
two initiator types are shown. The reaction with sec-butyl lithium as initiator 
leads to a monofunctional polystyrene anion (Scheme 2A), while with the 
electron transfer initiator a bifunctional anion is formed (Scheme 2B). 
 
Solvents 
Solvents used for anionic polymerization have to be aprotic, because protons 
will react with the anionic species and terminate polymerisation. Polarity of the 
solvent and the metal cation also affects the polymerization since it influences 
(i) the nature of ion pairs (CIP, SIP) of the active species (Scheme 3) and (ii) the 
reaction rate. With increasing solvent polarity the reaction rate increases. 
The equilibrium between CIP and SIP can be influenced by additives like salts 
or complexing agents (Scheme 4) and by the used reaction conditions 
(temperature or concentration).62,135-142  
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Scheme 3. Polarity of the solvent influences the nature of ions during the polymerisation. 
 
 
 
 
Scheme 4. Some complexing agents for polymerisation of ethylene oxide. 
 
For every system (monomer/initiator/solvent/additives) reaction conditions must 
be optimized, in order to obtain well-defined polymers with a narrow, 
monomodal molecular weight distribution.128 
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Termination agents 
If reaction conditions are carefully controlled, no termination reactions occur 
during the anionic polymerisation. By introducing a termination agent, the chain 
ends are deactivated and specific end groups can be introduced into the 
polymer (see Table 1); an example using polystyrene anions and ethylene oxide 
as termination agent is shown in Scheme 5. 
 
 
Scheme 5. Termination of a monofunctional polystyrene anion with ethylene oxide. 
 
 
Table 1. Termination agents and their resulting end groups. 
termination agent resulting end group 
water 
H alcohols 
acids 
CO2 
COOH 
cyclic anhydrides 
ethylene oxide 
OH 
lactones 
esters keto group 
isocyanates NH2 
benzyl halogenides benzyl group 
allyl halogenides allyl group 
 
 
 
 
2.3.2 Kinetics of “living” anionic systems 
In a living anionic system no spontaneous termination reactions occur and only 
the initiation and propagation steps are important: 
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Initiation:  I⊖ + M → I-M1⊖   
 Propagation:  I-M1⊖ + M → I-M2⊖ 
The addition of i monomer units leads to I-Mi⊖ and the polymerisation rate 
follows equation 11: 
     


1i
ip MIMkdt
Md          (11) 
where kp is the constant of propagation reaction and [M] the total monomer 
concentration. 
With [M⊖] as the concentration of all living species and a very fast initiation 
reaction, which means the concentration of initiator and living species is equal 
→ [I] ≡ [M⊖], equation 12 describes a reaction of first order with respect to the 
monomer: 
 
    tMkMM p  0ln                  (12)  
with [M0] as starting monomer concentration at time t. 
For calculations of the degree of polymerisation DP equation 13 can be used: 
    I
MDP          (13) 
where [∆M] is the concentration of converted monomer. 
For the polydispersity P of the system equation 14 is valid: 
2)1(
1  v
v
M
MP
n
w                (14) 
with Mw as weight-average molecular weight, Mn as number-average molecular 
weight, and   as the kinetic chain length. 
This means that the polydispersity gets narrower with increasing degree of 
polymerisation. The molecular weight distribution follows the Poisson 
distribution and is below 1.1 – 1.2 (Figure 11). 
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Figure 11. Poisson (living anionic polymerisation) and Schulz-Flory (radical polymerisation) 
distribution 
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CHAPTER 3 
Synthesis of well-defined PS-b-PG block 
copolymers by anionic polymerisation * 
 
* Reproduced from: M. Siebert, H. Keul, M. Möller, Designed Monomers and Polymers 2010, 
13, 547.  
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3.1 Introduction 
 
Amphiphilic block copolymers are of high interest since a variety of structures 
are known that can be used in a wide field of applications.1-10 In the last 
decades self-assembly of various amphiphilic block copolymers was 
investigated.5,6,11-13 Examples are polystyrene-block-poly(2-vinyl pyridine) (PS-
b-P2VP) and polystyrene-block-poly(ethylene oxide) (PS-b-PEO), which form 
micelles in selective solvents for one of the two blocks.1,7,14-22 When toluene is 
used as selective solvent for the block copolymers mentioned above, the 
micellar shell contains PS block. The P2VP or PEO block, which are less 
soluble in toluene, form the micellar core. These micelles were used for the 
formation of highly ordered gold nanoparticles on suitable surfaces.17,22-24 
Treatment of these micellar solutions with the gold precursor (HAuCl4 or 
LiAuCl4) leads to the inclusion of gold ions (AuCl4-) into the micellar core. 
Driving force is the ability of the hydrophilic core – P2VP or PEO – to form 
stable complexes with metal ions. Loaded micellar solutions were used for 
coating of specific surfaces (like mica or silicon-wafer) as thin films, which upon 
treatment with UV-light or plasma results in complete removal of the organic 
material and full conversion of the gold precursor to defined gold 
nanoparticles.1,7,17,22-26 
 
Amphiphilic block copolymers can be obtained via controlled (living) 
polymerisation techniques, like anionic, cationic or ring-opening 
polymerisation.27-30 Using these controlled polymerisation methods, many 
monomers could be converted to well-defined block copolymers with a narrow 
molecular weight distribution, e.g. styrene, vinyl pyridine, dienes, (meth-) 
acrylates as well as heterocyclic monomers (epoxides, lactides, siloxanes).1,31-35 
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The anionic polymerisation of vinyl compounds like styrene and the ring-
opening polymerisation of oxiranes like protected glycidols were reported in 
literature: (i) the anionic polymerisation of styrene can be performed using 
lithium, sodium or potassium as counter ions; for example is the synthesis with 
s-BuLi as initiator which is a well known procedure;27-29,32 (ii) for the 
polymerization of oxiranes and especially of protected glycidols the potassium-
containing initiator systems are well studied.36-39 
 
The big advantage of polymers containing glycidol-units are their reactive 
CH2OH side chains: (i) they have been used in polymer-analogous reactions to 
achieve multifunctional products;38 and (ii) they are expected to play an 
important role in the controlled formation of metal oxide nanoparticles, because 
of their potential to interact strongly or even covalently with metal alkoxide 
precursors.  
 
It should be mentioned that the polymerisation of oxiranes with lithium-initiators 
only occurs in the presence of cryptands, since this cation is strongly associated 
to the anionic living chain ends, rendering them inactive and therefore stopping 
the reaction.23,40 To deal with this problem, in the present work a phosphazene 
base  (P4-t-Bu) was used, which acts as a complexing agent for Li+-cations 
(from the initiator s-BuLi).23,40-42 This s-BuLi/P4-t-Bu initiating system was also 
used by the group of Müller to synthesize PS-b-PEO diblock and polystyrene-
block-poly(ethylene oxide)-block-poly(ethoxy ethyl glycidyl ether) (PS-b-PEO-b-
PEEGE) triblock copolymers.43,44 
 
phosphazene base P4-t-Bu 
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In this chapter the synthesis of polystyrene-block-polyglycidol (PS-b-PG) block 
copolymers was realised in a two-step procedure: (i) synthesis of polystyrene-
block-poly(ethoxy ethyl glycidyl ether) (PS-b-PEEGE) block copolymers in 
benzene by sequential anionic polymerisation of the corresponding monomers 
using the s-BuLi/P4-t-Bu initiating system, and (ii) conversion to PS-b-PG block 
copolymers via removal of the acetal protection group from the PEEGE block by 
treatment with concentrated HCl39,45,46 or an acidic ion exchange resin.  
 
The possibility of micelle formation and their use for the production of hybrid 
inorganic/organic materials are discussed in Chapter 4 and Chapter 5. 
 
 
 
3.2 Experimental Part 
 
3.2.1 Materials 
2,3-Epoxypropan-1-ol ((±)-glycidol, 95 %, purum), ethyl vinyl ether (purum), p-
toluene sulfonic acid monohydrate (puriss.), sodium hydrogen carbonate 
(NaHCO3, p.a.), sodium sulfate (Na2SO4, p.a.), calcium hydride (CaH2, 
granulate, 95 %), lithium aluminium(III) hydride (LiAlH4, powder, 95 %), 
tetrahydrofuran (THF, p.a.), dibutyl magnesium (Bu2Mg, 1.0 M in heptane), 
sec.-butyl lithium (s-BuLi, 1.3 M in cyclohexane), phosphazene base P4-t-Bu 
(purum, 1.0 M in THF), and concentrated hydrochloric acid (conc. HCl, 37 %) 
were purchased from Fluka and were used as received. Amberlyst® 15 (acidic 
ion exchange resin, dry, moisture ≤ 1.5 %) was purchased from Aldrich and was 
used as received. 
The purification of styrene (purum, Fluka) was performed in two steps: (i) drying 
over CaH2 and vacuum distillation; (ii) drying over Bu2Mg and vacuum 
distillation. Dry benzene (99.7 %, purum, VWR) was obtained by drying over 
LiAlH4, distillation and subsequent drying over s-BuLi and vacuum distillation. 
The synthesis of 1-ethoxy ethyl glycidyl ether (EEGE) was done by reaction of 
glycidol and ethyl vinyl ether with p-toluene sulfonic acid as catalyst.47 For 
purification EEGE was dried over CaH2 and distilled in vacuum. Before transfer 
to a glovebox EEGE was treated with Bu2Mg (20:1, v:v) and distilled at high 
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vacuum into a flask equipped with a PTFE valve. EEGE was stored in a 
glovebox at -25 °C. 
 
 
 
3.2.2 Methods 
General remarks 
All reactions were performed under nitrogen atmosphere (N2, Linde 5.0, passed 
over molecular sieves (4 Å) and finely distributed potassium on alumina) or 
inside a N2-filled glovebox (MBraun, MB 200B). 
 
Nuclear magnetic resonance (NMR) 
NMR measurements were performed on a Bruker DPX 300 FT-NMR 
spectrometer at 300 MHz (1H) and 75 MHz (13C). As solvents deuterated 
chloroform (CDCl3, 99.8 %) and deuterated dimethyl sulfoxide (DMSO-d6, 
99.8 %) from Deutero GmbH were used. Tetramethylsilane (TMS, ≥ 99.5 %, 
Fluka) served as internal standard. 
 
Size exclusion chromatography (SEC) 
SEC was performed in THF, N,N-dimethylacetamide (DMAc) or N,N-
dimethylformamide (DMF) using polystyrene (PS) calibration (narrow polymer 
standards from PSS). The number-average molecular weight Mn, the weight-
average molecular weight Mw and the polydispersity PDI = Mw/Mn were 
calculated using the program “PSS WinGPC Unity”. 
SEC analyses using THF as eluting solvent were performed at 30 °C using a 
high-pressure liquid chromatography (HPLC) pump (ERC HPLC 64200), a dual 
detector for the refractive index (RI) and the viscosity (WGE Dr. Burns, 
ETA 2020), and a UV detector (Jasco UV-2075 Plus). The samples were 
measured at a wavelength of 250 nm.48 The eluting solvent was THF (HPLC 
grade) with 0.25 g/L 2,6-di-tert.-butyl-4-methylphenol (BHT) and a flow rate of 
1.0 mL/min. Five columns with MZ-SDplus gel were applied. The length of each 
column was 300 mm, the diameter was 8 mm, the diameter of the gel particles 
was 5 µm, and the nominal pore widths 50, 100, 1000, and 10000 Å. 
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SEC analyses using DMAc as eluting solvent were performed at 80 °C using a 
HPLC pump (Bischoff HPLC 2250) and a RI detector (Waters 410). The eluting 
solvent was DMAc (HPLC grade) with 1.0 g/L lithium chloride (LiCl) and a flow 
rate of 0.8 mL/min. Four columns with MZ-DVB gel were applied. The length of 
each column was 300 mm, the diameter was 8 mm, the diameter of the gel 
particles was 5 µm, and the nominal pore widths 100, 1000, and 10000 Å. 
SEC analyses using DMF as eluting solvent were performed at 30 °C using a 
HPLC pump (Bischoff HPLC 2250) and a RI detector (Jasco). The eluting 
solvent was DMF (HPLC grade) with 1.0 g/L lithium bromide (LiBr) and a flow 
rate of 1.0 mL/min. Four columns with GRAM gel (from PSS) were applied. The 
length of each column was 300 mm, the diameter was 8 mm, the diameter of 
the gel particles was 10 µm, and the nominal pore widths 30, 1000, 1000, 
3000 Å. 
Preparative SEC was performed in THF at room temperature using a HPLC 
pump (Jasco HPLC 2087-PU) and a RI detector (Jasco 2031-RI). The eluting 
solvent was THF (HPLC grade) with a flow rate of 3.0 mL/min. One column with 
MZ-DVB gel with a length of 300 mm and a diameter of 20 mm was applied. 
The diameter of the gel particles was 10 µm and the nominal pore width 50 – 
106  Å (linear). 
 
Differential scanning calorimetry (DSC) 
DSC analyses were performed with a Netzsch DSC 204 in nitrogen atmosphere 
with a heating rate of 10 K/min. Calibration was achieved using indium standard 
samples. The samples (10-15 mg) were analyzed in two cooling-heating cycles 
in a temperature range of -70 °C to 140 °C. 
 
 
3.2.3 Syntheses 
Synthesis of PS-b-PEEGE block copolymer (1) 
Styrene (1.04 g; 10 mmol) was dissolved in benzene (10 mL) before s-BuLi 
(0.08 mL; 0.1 mmol) was added under vigorous stirring. After 16 h at room 
temperature a small aliquot was removed for SEC and 1H NMR analysis.  
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Mn(PS, SEC) = 4300, PDI = 1.06, monomodal. 1H NMR (300 MHz, CDCl3): δ = 
0.57 – 1.10 (m, 9 H, Initiator); 1.42 (br, 2 H, CH2CH); 1.84 – 2.21 (m, 1 H, 
CH2CH); 6.38 – 6.58 (m, 2 H, CH, Ar); 7.04 – 7.35 (m, 3 H, CH, Ar) ppm. 
 
Afterwards EEGE (7.3 g; 50 mmol) was added to the reaction mixture and the 
reaction was stirred for additional 10 min at 25 °C. Then the phosphazene base 
P4-t-Bu (0.15 mL; 0.15 mmol) was added and the reaction mixture was heated 
up to 50 °C for 4 d. The reaction was terminated by adding a mixture of ethyl 
acetate and methanol (1:1 v:v; 1 mL) and the polymer was isolated by 
evaporating the solvents. The viscous polymer was dried in vacuum at 40 °C 
and was characterized via 1H- and 13C NMR in CDCl3 and SEC in THF. Yield: 
96 %.  
Mn(PS-b-PEEGE, SEC) = 20900, PDI = 1.39, monomodal with tailing. 1H NMR 
(300 MHz, CDCl3): δ = 1.19 (t, 3J = 7.0 Hz, 3 H, OCH2CH3); 1.28 (d, 3J = 4.7 Hz, 
3 H, CHCH3), 1.43 – 1.86 (m, 3 H, CH2CH, PS); 3.46 – 3.67 (m, 7 H, 
CH2CH(CH2O)O, OCH2CH3); 4.67 – 4.71 (m, 1 H, OCHO); 6.52 – 7.36 (m, 5 H, 
CH, Ar) ppm. The proton signals of the initiating group were not detectable. 13C 
NMR (75 MHz, CDCl3): δ = 15.33 (OCH2CH3); 19.80 (CHCH3); 37.24, 37.31 
(CH2CH, PS); 40.28, 40.40 (CH2CH, PS); 44.63 (CH2CHO); 60.80 (OCH2CH3); 
64.82, 65.10 (CH2CH(CH2O)O); 78.95 (CH2CHO); 99.72, 99.86 (OCHO); 
125.67, 127.65, 127.74, 128.05, 128.34 (CH, Ar); 145.25, 145.38, 145.53 (C, 
Ar) ppm. The carbon signals of the initiating group were not detectable. 
 
All other PS-b-PEEGE block copolymers (2 – 19) were synthesized by the same 
procedure to obtain block copolymers with different composition, degree of 
polymerisation and total molecular weights. The used reagent ratios of all 
polymerisation reactions are summarized in Table 1. 
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Table 1. Synthesis of PS-b-PEEGE block copolymers by anionic polymerisation of the 
corresponding monomers in benzene with s-BuLi/P4-t-Bu initiating system: reagent ratios. 
no. 
styrene s-BuLi EEGE P4-t-Bu benzene 
[g (mmol)] [mL (mmol)] [g (mmol)] [mL (mmol)] [mL] 
1 1.04 (10) 0.08 (0.1) 7.30 (50) 0.15 (0.15) 10 
2 2.08 (20) 0.08 (0.1) 2.92 (20) 0.15 (0.15) 20 
3 2.08 (20) 0.08 (0.1) 4.38 (30) 0.15 (0.15) 20 
4 2.08 (20) 0.08 (0.1) 5.84 (40) 0.15 (0.15) 25 
5 2.08 (20) 0.08 (0.1) 7.30 (50) 0.15 (0.15) 25 
6 2.08 (20) 0.08 (0.1) 2.92 (20) 0.12 (0.12) 20 
7 2.08 (20) 0.08 (0.1) 4.38 (30) 0.12 (0.12) 20 
8 2.08 (20) 0.08 (0.1) 5.84 (40) 0.12 (0.12) 20 
9 2.08 (20) 0.08 (0.1) 7.30 (50) 0.12 (0.12) 20 
10 1.04 (10) 0.02 (0.03) 2.44 (16.7) 0.04 (0.04) 10 
11 1.04 (10) 0.02 (0.03) 4.86 (33.3) 0.04 (0.04) 15 
12 2.08 (20) 0.03 (0.04) 1.46 (10) 0.05 (0.05) 25 
13 2.08 (20) 0.03 (0.04) 2.92 (20) 0.05 (0.05) 25 
14 3.12 (30) 0.05 (0.06) 4.38 (30) 0.07 (0.07) 100 
15 3.12 (30) 0.05 (0.06) 8.76 (60) 0.07 (0.07) 100 
16 3.12 (30) 0.05 (0.06) 4.38 (30) 0.07 (0.07) 100 
17 3.12 (30) 0.05 (0.06) 8.76 (60) 0.07 (0.07) 50 
18 3.65 (35) 0.05 (0.06) 10.23 (70) 0.08 (0.08) 80 
19 3.65 (35) 0.03 (0.04) 2.56 (17.5) 0.04 (0.04) 80 
 
 
Analysis of the product mixture obtained in the synthesis of PS-b-PEEGE 
block copolymers by preparative SEC 
The crude PS-b-PEEGE 15 (2.03 g) was dissolved in THF (62 mL) and 
analyzed by preparative SEC. Four different fractions were collected. 
Characterization was done via 1H- and 13C NMR in CDCl3 and SEC in THF. 
Yield of PEEGE homopolymer in PS-b-PEEGE 15 = 21 %.  
Mn(PS-b-PEEGE, SEC) = 26900, PDI = 1.02, monomodal. The signals of the 
NMR spectra are the same as for 1. 
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Synthesis of PS-b-PG block copolymers 
A) Deprotection with concentrated HCl; preparation of PS-b-PG (21) 
The PS-b-PEEGE 5 (4.0 g) was dissolved in THF (600 mL) and aqueous 37 % 
HCl (45 mL) was added. The mixture was stirred at room temperature for 3 h. 
The polymer precipitated as yellowish oil. The viscous polymer obtained after 
removal of the solvent was dried in vacuum at 40 °C and was characterized via 
1H- and 13C- NMR in DMSO-d6 and SEC in DMAc. Yield = 65 %.  
Mn(PS-b-PG, SEC) = 25000, PDI = 1.10, bimodal. 1H NMR (300 MHz, CDCl3): 
δ = 1.15 – 1.56 (m, 3 H, CH2CH, PS); 3.38 – 3.60 (m, 5 H, CH2CH(CH2OH)O); 
6.57 – 7.12 (m, 5 H, CH, Ar) ppm. The proton signals of the initiating group 
were not detectable. 13C NMR (75 MHz, CDCl3): δ = 30.31 (CH2CH, PS); 38.42 
(CH2CH, PS); 60.76, 62.91E (CH2CH(CH2OH)O); 69.03, 69.28 (CH2CHO); 
71.70E (CH2CHO); 79.73, 79.86, 79.96 (CH2CHO); 124.81, 127.15, 127.80, 
127.97 (CH, Ar); 145.56 (C, Ar) ppm. The carbon signals of the initiating group 
were not detectable. Signals of the end group are marked with an E. 
 
B) Deprotection with an acidic ion exchange resin; preparation of PS-b-PG 
(31) 
The PS-b-PEEGE 1 (2.5 g) was dissolved in THF (300 mL) and the acidic ion 
exchange resin Amberlyst® 15 (5.0 g) was added. After 3 h stirring at room 
temperature the resin was removed by filtration. After removing the solvent the 
viscous polymer was dried under vacuum at 40 °C and was characterized with 
1H- and 13C NMR in DMSO-d6 and SEC in DMAc. Yield = 67 %.  
Mn(PS-b-PG, SEC) = 40400, PDI = 1.09, monomodal with tailing. The signals of 
the NMR spectra are the same as for 21. 
 
All other PS-b-PG block copolymers were synthesized by procedure A or B. 
The used reagent ratios of all deprotection reactions are summarized in Table 
2. 
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Table 2. Synthesis of PS-b-PG block copolymers by deprotection of the corresponding PS-b-
PEEGE block copolymers in THF: reagent ratios. 
no. 
PS-b-PEEGE 
deprotecting agent 
THF 
HCl resin1 
[g (no.)] [mL] [g] [mL] 
20 4.0 (4) 25 - 400 
21 4.0 (5) 45 - 600 
22 4.0 (2) 50 - 400 
23 4.0 (3) 50 - 400 
24 4.0 (9) 25 - 400 
25 3.0 (11) 20 - 400 
26P 4.0 (6) 70 - 600 
27 4.0 (7) 70 - 600 
28P 2.0 (13) - 4.0 200 
29P 3.2 (14) - 6.5 400 
30P 3.9 (15) - 8.0 400 
31 2.5 (1) - 5.0 300 
32P 1.4 (2) - 2.7 200 
33 1.7 (3) - 3.3 200 
34 1.8 (10) - 3.5 200 
35P 1.5 (12) - 3.0 200 
36P 3.9 (16) - 8.0 500 
37P 4.2 (17) - 8.4 500 
38P 3.5 (18) - 7.0 500 
39P 2.1 (19) - 4.6 250 
40 3.8 (8) - 7.6 500 
41P 2.4 (6) - 5.2 350 
 
1: acidic ion exchange resin (Amberlyst® 15); P: purified by precipitation in distilled water. 
 
 
Purification of PS-b-PG by precipitation 
The crude PS-b-PG 30 (0.5 g) was dissolved in THF (5 mL) and precipitated in 
distilled water (300 mL). The white precipitate was isolated by filtration. The 
polymer was dried in vacuum at 40 °C and characterized with 1H- and 13C NMR 
spectroscopy in CDCl3 and SEC in THF. Yield = 94 %.  
Mn(PS-b-PG, SEC) = 26000, PDI = 1.06, monomodal. The signals of the NMR 
spectra are the same as for 21 and 31. 
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All PS-b-PG block copolymers marked with P in Table 2 were purified using the 
same procedure. 
 
 
 
3.3 Results and Discussion 
 
3.3.1 Synthesis of PS-b-PEEGE block copolymers 
The synthesis of polystyrene-block-poly(ethoxy ethyl glycidyl ether) (PS-b-
PEEGE) block copolymers was carried out by sequential anionic polymerisation 
of the corresponding monomers in benzene with an alkyl lithium initiator (s-
BuLi) and the phosphazene base P4-t-Bu (Scheme 1).23,41-43 
 
Scheme 1. Synthesis of PS-b-PEEGE block copolymers by sequential anionic polymerisation. 
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Table 3. Characteristics of PS-b-PEEGE block copolymers. 
no. 
PS-b-PEEGE 
Pn1 
PS (THF-SEC)3 PS-b-PEEGE  (THF-SEC)3 Pn(PS) :  
Pn(PEEGE)5 
PEEGE PS-b-PEEGE 
PS PEEGE2 Mn4 PDI Mn PDI Mn6 Mn7 
1 40 210 4300 1.06 20900 1.39 1 : 5.25 30700 35500 
2 90 110 9700 1.04 16600 1.40 1 : 1.2 16100 25800 
3 100 190 10300 1.04 24800 1.15 1 : 1.9 27700 38000 
4 100 190 10600 1.04 26600 1.20 1 : 1.9 27700 38300 
5 100 220 10900 1.04 30700 1.32 1 : 2.2 32100 43000 
8 110 200 11500 1.04 17600 1.17 1 : 1.8 29200 40700 
7 110 250 11700 1.01 25000 1.22 1 : 2.3 36500 48200 
10 120 210 12000 1.01 24500 1.29 1 : 1.75 30700 42700 
9 120 220 12500 1.01 33500 1.15 1 : 1.8 32100 44600 
6 120 140 12700 1.04 29700 1.22 1 : 1.2 20400 33100 
11 150 520 15200 1.03 37300 1.25 1 : 3.5 75900 91100 
12 160 70 16900 1.03 21300 1.06 1 : 0.45 10800 27700 
13 170 130 17500 1.02 33100 1.10 1 : 0.8 19000 36500 
14 210 120 21700 1.02 31700 1.04 1 : 0.6 17500 39200 
15 210 260 22000 1.03 64300 1.15 1 : 1.2 38000 60000 
18 490 720 51400 1.03 86200 1.16 1 : 1.5 105100 156500 
17 500 280 51900 1.06 73500 1.16 1 : 0.6 40900 92800 
16 580 360 60800 1.04 69300 1.11 1 : 0.6 52600 113400 
19 890 230 92500 1.05 107000 1.14 1 : 0.3 33600 126100 
 
1: Pn = degree of polymerisation; 2: PEEGE of the PS-b-PEEGE block copolymers + PEEGE 
homopolymer; 3: SEC with THF as eluent and calibration with PS standards; 4: absolute value for 
Mn of PS block; 5: determined from 1H NMR: aromatic protons (PS block) and acetal group 
(PEEGE block); 6: calculated Mn of PEEGE using Pn(PS) : Pn(PEEGE); 7: total Mn of PS-b-
PEEGE = absolute Mn of PS (by SEC) + calculated Mn of PEEGE (by NMR). 
 
 
As shown in Table 3, the synthesis of the first block led to well-defined 
polystyrene blocks with narrow, monomodal molecular weight distribution below 
1.10. The corresponding SEC elugram of the PS block is given in Figure 1. 
 
Chapter 3 
 
40 
 
Figure 1. SEC elugram of a PS block. 
 
The absence of double bond signals at δ = 5.18, 5.61 and 6.63 ppm in the 1H 
NMR spectra (not shown) prove full conversion of the styrene monomer to PS. 
This is also verified in the 13C NMR spectra (not shown): here the double bond 
signals at δ = 114.3 and 136.1 ppm disappear and the signal of the aromatic 
carbon at δ = 137.9 ppm is shifted to 145.2 ppm. 
 
The second block was synthesized afterwards by adding the EEGE monomer to 
the reaction mixture. At this stage only one EEGE molecule reacts with the 
carbanionic chain end and forms an inactive alcoholate. This site transformation 
from a carbanion to an alcoholate forms a contact ion pair which is not active in 
polymerisation of EEGE.23,41-44 To achieve complete conversion of EEGE, 
addition of the phosphazene base P4-t-Bu was necessary. The added 
phosphazene base acts as complexing agent for the Li+-ions forming solvent 
separated ion pairs. As soon as complexation of Li+ occurs the alcoholate 
initiates EEGE polymerisation. After 4 d at 50 °C the reaction was terminated by 
adding a mixture of ethyl acetate:methanol (1:1 v:v). The yellow-orange, viscous 
oil obtained was dried in vacuum at 40 °C. The resulting PS-b-PEEGE block 
copolymer was analyzed by 1H- and 13C NMR in CDCl3 and SEC in THF with 
PS standard. 
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Figure 2. 1H NMR spectrum of PS-b-PEEGE 5. 
 
The degree of polymerisation of the PEEGE block was calculated from the 1H 
NMR spectrum (Figure 2) in the following way. First, the ratio R between the 
two blocks in the copolymer was calculated by equation (1): 
14
108
5 I
I
PEEGE
PSR 
      (1) 
 
Then the number of repeating units m of the PEEGE block was calculated by 
using equation (2): 
nRm        (2) 
with n as number of repeating units in the PS block given by SEC.  
 
The value of m can then be used to determine the molecular weight of the 
PEEGE block Mn(PEEGE) by using equation (3) with Mn(EEGE) = 74 g/mol: 
)()( EEGEMmPEEGEM nn     (3) 
 
The total Mn of the block copolymer is given by the sum Mn(PS) determined by 
SEC and Mn(PEEGE) calculated from the 1H NMR spectrum. 
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Figure 3. 13C NMR spectrum of PS-b-PEEGE 5. 
 
The 13C NMR spectrum (Figure 3) prove full conversion of the EEGE monomer 
by the shift of the signals at δ = 50.7 and 50.8 ppm (epoxy ring) to δ = 79.0 ppm 
(after opening of this epoxy ring). 
 
Table 3 shows that according to SEC analysis well-defined block copolymers 
were obtained with Mn(PS) from 4.3 kDa to 92.5 kDa and a narrow molecular 
weight distribution (below 1.1) and for the corresponding PS-b-PEEGE block 
copolymers with Mn(PS-b-PEEGE) of 30 – 160 kDa and a polydispersity index 
below 1.5. The composition (Pn(PS) : Pn(PEEGE)) of the copolymers varies 
from a ratio of 1 : 0.3 to 1 : 5.25 as was determined from 1H NMR analysis. One 
of the SEC elugrams (polymer 15) recorded with two detected signals, RI and 
UV, is depicted in Figure 4.  
 
Figure 4. SEC elugram of PS-b-PEEGE 15 according to RI (black) and UV (red) signal. 
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The curve of the UV detector signal (Figure 4, red) shows only one peak, which 
represents the PS-containing block copolymer.48 The curve of the RI signal 
(Figure 4, black) shows two peaks: the peak of higher intensity represents the 
block copolymer and is nearly monodisperse; the smaller, broader peak is 
caused by PEEGE homopolymer, which is a consequence of chain transfer 
reactions during EEGE polymerisation (see Scheme 2). These chain transfer 
reactions limit the block length of PEEGE within the block copolymer to Mn 
~30 kDa (~200 repeating units).38,40,49-53 
 
 
Scheme 2. Mechanism of chain transfer reactions during EEGE polymerisation. 
 
 
 
3.3.2 Analysis of the polymer mixture obtained in the synthesis of PS-b-
PEEGE by preparative SEC 
All PS-b-PEEGE block copolymers showed a small tailing or a second broader 
peak in their SEC traces (Figure 4, RI signal). This was considered as an 
evidence for chain transfer reactions occurring during EEGE 
homopolymerisation. To prove this assumption preparative SEC with THF as 
eluting solvent was used and the fractions obtained were analyzed by 1H NMR 
spectroscopy and analytical SEC in THF. 
For preparative SEC the block copolymer was dissolved in THF with a 
concentration of ~25 g/L. Four different fractions were collected and analyzed: 
fraction 1 and 2 contained the block copolymer, while fraction 3 and 4 consisted 
mainly of PEEGE homopolymer. Fraction 1 was the only sample containing PS-
b-PEEGE block copolymer without any impurities. 
 
The SEC elugram of the purified PS-b-PEEGE (Figure 5, red line) showed a 
monomodal peak with a narrow distribution and no tailing: all the impurities 
(shown in Figure 5, black line) were removed.  
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Table 4. Characteristics of PS-b-PG block copolymers. 
no. 
PS-b-PG1 
Pn2 
PS-b-PG (DMAc-SEC)3 total mass fraction deprotection
PS PG Mn PDI Mn4 PS PG agent5 
31NP 40 210 40400 1.09 19800 0.22 0.78 b 
32P 90 100 50700 1.05 17100 0.57 0.43 b 
33NP 100 190 27500 1.13 24400 0.42 0.58 b 
20NP 100 190 26600 1.14 24700 0.43 0.57 a 
21NP 100 220 25000 1.10 27200 0.40 0.60 a 
40NP 110 200 32000 1.15 26300 0.43 0.57 b 
27NP 110 250 22800 1.19 30200 0.39 0.61 a 
34NP 120 210 13500 1.18 27500 0.44 0.56 b 
24NP 120 220 29000 1.48 28800 0.43 0.57 a 
26P 120 80 17500 1.16 18400 0.69 0.31 a 
25NP 150 520 28100 1.28 53700 0.28 0.72 a 
35P 160 70 24500 1.08 21800 0.78 0.22 b 
28P 170 110 30600 1.28 25600 0.68 0.42 b 
29P 210 110 13000 1.03 29800 0.73 0.27 b 
30P 210 210 48400 1.06 37400 0.59 0.41 b 
38P 490 200 61000 1.03 66200 0.77 0.23 b 
37P 500 210 91400 1.08 67600 0.77 0.23 b 
36P 580 180 82600 1.03 74100 0.82 0.18 b 
39P 890 130 111400 1.05 102300 0.90 0.10 b 
41P 120 80 46900 * 1.16 * 18400 0.69 0.31 b 
 
1: Pn = degree of polymerisation; 2: SEC with DMAc as eluting solvent (except *: DMF as eluting 
solvent) and calibration with PS standards; 3: calculated from the composition of the block 
copolymer; 4: calculated from Mn(PS-b-PG) and Mn(PS); 5: a for conc. HCl or b for ion exchange 
resin; P: purified by precipitation in distilled water (except NP: not purified, contains PG 
homopolymer). 
 
As shown in Table 4, the polydispersity index of the PS-b-PG block copolymers 
is below 1.2; except polymer 24 and 25 with a PDI of 1.28 and 1.48, 
respectively. This higher PDI indicates (i) presence of PG homopolymer, and (ii) 
degradation of PEEGE block during deprotection with conc. HCl (explained 
later). The DMAc-SEC results also show that the Mn of the deprotected 
polymers with a mass fraction of PS below 0.4 is higher than the real value 
because of interactions between the long PG chains. In all other cases the 
detected Mn and the real value are similar. 
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The polymer 41 was measured in DMF and here the detected Mn is also higher 
than the real value because of interactions between the PG chains and the 
different polarity of the solvent. 
 
 
Figure 6. 1H NMR spectrum of PS-b-PG 31. 
 
 
 
 
Figure 7. 13C NMR spectrum of PS-b-PG 31 (signals of end group are marked with E). 
Synthesis of well-defined PS-b-PG block copolymers 
 
47 
All block copolymers with a mass fraction of PS higher than 0.5 were purified by 
precipitation in distilled water (marked with P in Table 4). This procedure is 
described in the next section. 
The removal of the protection group of the PEEGE block using conc. HCl or the 
acidic ion exchange resin (Amberlyst® 15) was quantitative (see NMR spectra in 
Figure 6 and 7).  
 
The deprotection with conc. HCl had the following disadvantages: (i) water 
traces remaining in the products and (ii) partial degradation during hydrolysis 
occur under the conditions applied. This is depicted in Figure 8A; the SEC 
traces of polymer 24 and 26 are much broader and multimodal with several 
peaks and shoulders indicating side reactions. The acidic ion exchange resin 
overcomes these problems: (i) easier work-up (filtration), and (ii) no degradation 
at the chosen reaction conditions. A nearly monodispers, narrow distribution 
with a small tailing was obtained for polymer 31 and 35 (shown in Figure 8B). 
Table 4 shows also that the degree of polymerisation of both blocks in the PS-b-
PG block copolymer is stable during deprotection, if the chosen reaction 
conditions avoid degradation of the PEEGE block in case of conc. HCl as 
deprotecting agent.  
 
 
Figure 8. SEC traces of several PS-b-PG block copolymers. A: Deprotection with conc. HCl, 
and B: Deprotection with Amberlyst® 15. 
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3.3.4 Purification of PS-b-PG block copolymers by precipitation 
The purification of the PS-b-PG block copolymers was performed via 
precipitation of a THF solution in distilled water for all polymers with a mass 
fraction of PS higher than 0.5 (marked with P in Table 4). While the block 
copolymer precipitates the PG homopolymer remains in the aqueous solution. 
This procedure only works for block copolymers with a higher degree of 
polymerisation for the PS block, because of the insolubility of the PS block in 
water. After precipitation the purified block copolymers showed significantly less 
tailing in SEC traces (Figure 9). 
 
 
Figure 9. SEC elugrams of PS-b-PG 30 before (black) and after purification (red) by 
precipitation. 
 
Only the block copolymer 35 has the same degree of polymerisation for the 
PEEGE and the PG block (70 repeating units in both cases): no 
homopolymerisation during PS-b-PEEGE synthesis because of the low 
Pn(PEEGE), and no degradation during deprotection with Amberlyst® 15. 
 
The PS-b-PG block copolymers 20, 21, 24, 25, 27, 31, 33, 34 and 40 had a 
mass fraction of PG higher than 0.5 (marked with NP in Table 4). The 
precipitation of these block copolymers in distilled water failed, because of their 
solubility in water and the removal of the PG homopolymer in the copolymer 
was not possible under these conditions. This is also shown in Tables 3 and 4 
where the degree of polymerisation before and after deprotection is equal, but 
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in all cases the tailing in SEC elugrams indicates the presence of PEEGE or PG 
homopolymer, respectively. 
 
As expected, also the NMR integrals of the PG backbone protons changed after 
purification (Figure 10). Before purification the PS/PG ratio of polymer 30, 
calculated from the integrals of the aromatic signals of PS at δ = 6.2 – 7.3 ppm 
(protons 8 – 10) and the PG backbone signals at δ = 3.3 – 3.8 ppm (protons 11 
– 13), was two times higher than after purification (A: 1/1.33 and B: 1/0.76 for 
the ratio of PS/PG integrals). This significant difference proves the presence of 
PG homopolymer before purification. 
 
 
Figure 10. 1H NMR spectra of PS-b-PG 30 with A: crude polymer, and B: purified polymer. 
 
 
 
3.3.5 Characterization the block copolymers in bulk by DSC analyses 
The thermal properties, especially the glass transition temperatures (Tg), of the 
synthesized block copolymers were determined via DSC analysis. The glass 
transition temperature is the most used parameter for the determination of the 
degree of miscibility (completely immiscible, partially miscible or completely 
miscible).54,55 
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PS-b-PEEGE block copolymer 12 showed only one glass transition temperature 
(Tg) at 25.7 °C, which is nearly in the middle of the corresponding 
homopolymers (-60 °C for PEEGE and 100 °C for PS56-58), verifying the 
complete miscibility of the two blocks in the block copolymer (Figure 11). 
 
 
Figure 11. DSC curve of PS-b-PEEGE 12 showing one glass transition temperature. 
 
On the other hand, the PS-b-PG block copolymer 37 was completely immiscible 
and showed two different glass transition temperatures at -10.9 °C and 72.1 °C, 
which are in the range of the corresponding homopolymers (PG: -20 °C59, PS: 
100 °C56-58) (Figure 12). 
 
 
Figure 12. DSC curve of PS-b-PG 37 with two glass transition temperatures: PG (red arrow) 
and PS (blue arrow). 
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3.4 Conclusions 
 
The synthesis of well-defined PS-b-PEEGE block copolymers was performed 
using living anionic polymerisation. It was shown that chain transfer reactions 
during the polymerisation of EEGE limit the Mn of the PEEGE block leading to a 
tailing in the SEC traces caused by the presence of PEEGE homopolymer. The 
presence of PEEGE homopolymer was proven by preparative SEC. 
For the synthesis of PS-b-PG block copolymers PEEGE was deprotected by 
two different methods: (i) conc. HCl, and (ii) acidic ion exchange resin. It could 
be shown that the deprotection was quantitative in both cases. The removal of 
the protection group with conc. HCl is strongly dependent on the reaction 
condition used; at long reaction times degradation of the PEEGE block in the 
copolymer was observed. The molecular weight distributions of PS-b-PG block 
copolymers deprotected with acidic ion exchange resin were monomodal with 
only a small tailing and narrow molecular weight distribution. The PG 
homopolymer, which was responsible for the tailing in the SEC traces, was 
removed by precipitation of the block copolymer in water. 
The glass transition temperatures, which characterize the miscibility of the two 
blocks of a block copolymer, of both PS-b-PEEGE and PS-b-PG, were 
determined by DSC analysis. The PS-b-PEEGE block copolymers were 
completely miscible and showed only one Tg. In contrast, the PS-b-PG block 
copolymers were completely immiscible as proven by the two separated glass 
transition temperatures. 
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4.1 Introduction 
 
Amphiphilic block copolymers are an intriguing class of soft matter. Their unique 
behaviour in solution or in bulk results from the presence of unlike types of 
monomers within the same chain.1-6 As a consequence, copolymers can self-
assemble in thermodynamically poor solvents for one of the blocks into 
spherical, rod-like or vesicular particles.3,5 In the melt, on the other hand, 
incompatibility between blocks induces arrangement of the copolymer chains 
into lamellar or cylindrical type of structures, among others.1  
The intensive studies on amphiphilic block copolymers within the last 40 years 
brought along with many potential applications of these systems, especially in 
the fields of nanotechnology and biomedicine.7,8 For example, there is a 
growing demand for new and versatile strategies for fabrication of 
nanostructured materials with potential application in microelectronics, sensors, 
catalysis, or optical fields.9-11 In this particular case block copolymers show 
promising properties for controlled preparation of metallic or semiconductor 
nanoparticles.8,12,13 This follows from the fact that the growth of those 
nanoparticles can be limited in size to nanoscopic dimensions.8  
By using sequential anionic polymerization with s-BuLi/phosphazene base 
initiating system, we prepared recently well-defined polystyrene-block-
polyglycidol copolymers.14 Polyglycidol is a water-soluble, biocompatible 
polyether with a hydroxyl group in each repeating unit.15 Thus, it receives 
growing attention as a functional alternative to poly(ethylene oxide).15 For 
instance, in analogy to polystyrene-b-poly(ethylene oxide) copolymer, PS-b-PG 
micelles can serve as matrices for sol-gel transition of metal alkoxides. 
Furthermore, the polyglycidol block can undergo covalent cross-linking with 
metal alkoxides via condensation, giving systems with new properties.  
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Even though the synthesis of copolymers with polystyrene and polyglycidol 
blocks has been reported in the literature,16,17 its micellization was not studied 
before. Here, we present static and dynamic light scattering as well as small 
angle X-ray scattering results on polystyrene-b-polyglycidol copolymer micelles 
in toluene. The micellization process of PS-b-PG copolymers was investigated 
as a function of the mass fraction of the polyglycidol block in the copolymer. 
Additional investigation of dried micelles on a substrate by microscopic 
techniques (SFM and TEM) verifies micelle formation and their nature (star-like 
or crew-cut). 
 
 
 
4.2 Experimental Part 
 
Materials 
Dry toluene (≥ 99.9 %) and N,N-dimethylformamide (DMF ≥ 99.9 %) were 
purchased from Aldrich and used as received. Syringe filters with PTFE 
membrane and pore size of 1.0 µm or 0.2 µm were obtained from Whatman. 
 
Polymer synthesis 
The detailed description can be found elsewhere.14 All reagents used for 
anionic polymerization were purified according to well established procedures. 
The synthesis of polystyrene-block-polyglycidol block copolymers was realized 
in a two step procedure. (i) Styrene and ethoxy ethyl glycidyl ether (EEGE) were 
polymerized by sequential anionic polymerization in benzene by using sec-butyl 
lithium/phosphazene base (P4-t-Bu) initiating system, and (ii) the complete 
deprotection of PEEGE block with an acidic ion exchange resin in THF. 
Successful synthesis of the corresponding PS-b-PG block copolymers was 
confirmed by NMR in DMSO-d6 (99.8 %, Deutero GmbH).  
 
Preparation of micellar solutions  
Copolymer stock solutions (10 g/L) were obtained by direct dissolution of the 
block copolymers in toluene. For copolymers with a polyglycidol mass fractions 
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xPG up to 0.5, several hours were required for complete dissolution, while for 
copolymers with higher mass fractions of polyglycidol, homogenous solutions 
were obtained after several days of stirring (eventually additional ultrasound 
treatment was applied). Samples with the desired concentrations were prepared 
by dilution of the stock solution.  
 
Light scattering measurements at 25 °C 
Static light scattering (SLS) measurements were carried out on the modified 
Sofica goniometer (SLS Systemtechnik, Denzlingen) combined with a helium-
neon laser  generating green light with a wavelength of 543 nm or ALV setup 
with CGS-3 goniometer, pseudo cross-correlation detector and helium-neon 
laser with a wavelength of 633 nm. The time-averaged intensity of a laser light 
scattered by PS-b-PG solutions with concentrations between 0.5 and 10.0 g/L 
was measured in the angular range from 25° to 145° with a step of 5°. Berry’s 
method was chosen to calculate the weight-average molecular weight Mw, z-
average radius of gyration Rg and the second virial coefficient A2 of micelles 
from angular and concentration dependence of the excesses Rayleigh ratio.  
Refractive index increment (dn/dc) of PS-b-PG toluene solutions was measured 
with an Optilab DSP differential refractometer (Wyatt) operating at 690 nm. Prior 
to the measurements, solutions were filtered through PTFE syringe filters with 
1.0 µm pore size.  
Dynamic light scattering (DLS) experiments were performed in a self-beating 
mode on ALV set-up consisting of ALV-SIPC photomultiplier, multiple tau digital 
real-time ALV-7004 correlator, and a solid state laser (Koheras) with a 
wavelength of 473 nm. Measurements were performed between 30° and 120° 
with a step of 5° (in some cases 10°). The time of a single measurement was 
set to 180 or 300 seconds. Experimentally measured autocorrelation functions 
(ACF) of intensity fluctuations g(2)(t) were analyzed with CONTIN algorithm, 
giving the distribution of the relaxation time t. The latter parameter is inversely 
proportional to the relaxation rate Γ = D·q2, where D is the diffusion coefficient 
and q is the scattering vector defined as (4πn0/λ0) sin(θ/2). The corresponding 
hydrodynamic radius was calculated using Stokes-Einstein relationship.  
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The time-averaged scattered intensity changes used for the determination of 
the critical micellization concentrations (cmc) of the PS-b-PG copolymers in 
toluene were measured at 90° using ALV set-up described above. Solutions 
were firstly measured without filtration and if necessary they were purified using 
PTFE syringe filters with 1.0 µm pore size. 
Small-angle X-ray scattering (SAXS) measurements were done using S-
MAX3000 pinhole camera and MicroMax-002+ microfocus X-ray generator from 
Rigaku. The wavelength of the generated radiation was 1.54 Å and the range of 
the scattering vector from 0.004 to 0.16 Å was covered. Samples with a 
concentration of 10 g/L were filtered through 1.0 µm PTFE filters directly into 
capillary tubes which were sealed before measurements. The obtained 
scattering curves were transformed via indirect Fourier transformation (ITF) into 
a pair-distance distribution functions.18  
 
Visualisation techniques 
Prior to microscopy investigations the micellar solutions were filtered with 
syringe filters with a pore size of 0.2 µm (Whatman® ReZist 13 / 0.2 PTFE).  
Scanning force microscopy (SFM) was performed with a Nanoscope III (Digital 
Instruments) microscope. Investigations in the tapping mode were carried out 
with Si-cantilevers (Nanosensors) with a spring constant of approx. 50 N/m and 
a tapping frequency around 350 kHz. Images were edited with Nanoscope 
software (v5.12r5). For SFM studies the micellar solutions were casted onto 
freshly cleaved mica (PLANO) substrates by spin-coating with a max. speed of 
4000 rpm. 
Transmission electron microscopy (TEM) and electron energy loss 
spectroscopy (EELS) images were acquired using a Zeiss Libra 120 in-column 
energy filter transmission electron microscope (EFTEM) with an integrated 
OMEGA filter as an imaging element at an accelerating voltage of 80 or 120 kV. 
TEM grids were prepared by putting a drop of the micellar solution on a 
Formvar-coated copper TEM grid (PLANO) placed on a soaking paper, and 
allowing the solution to evaporate at room temperature overnight.  
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4.3 Results and Discussion 
 
In this work well-defined polystyrene-block-polyglycidol (PS-b-PG) copolymers 
were synthesized by sequential anionic polymerization with sec-
BuLi/phosphazene base initiating system. These block copolymers were 
dissolved in toluene as selective solvent to obtain micellar solutions. The 
association process of synthesized copolymers was studied in toluene by laser 
light and small-angle X-ray scattering techniques to determine basic 
macromolecular characteristic of the formed micelles. The characteristics of 
dried micelles on a substrate were analyzed by SFM and TEM. 
 
4.3.1 Light scattering results 
The characteristics of the copolymer samples used in this study are given in 
Table 1.  
 
Table 1. Characteristics of PS-b-PG block copolymers used in the experiments. 
Sample Mn Mass fraction (dn/dc) 
code PS-b-PG xPS xPG [mL/g] 
PS40-b-PG210 19800 0.22 0.78 0.0131 
PS120-b-PG220 28800 0.43 0.57 0.0173 
PS120-b-PG140 23100 0.55 0.45 0.0321 
PS160-b-PG70 22100 0.76 0.24 0.0580 
 
 
A) Determination of PS-b-PG critical micellization concentration  
PS-b-PG copolymers self-assemble in toluene above critical micellization 
concentration (cmc), forming micelles with a polyglycidol core and a polystyrene 
corona. The onset of the micellization process was determined for all 
copolymers by monitoring the changes of the scattered light intensity at an 
angle of 90° as a function of copolymer concentration (Figure 1).  
The points from which the intensity started to increase were ascribed as 
micellization onsets (arrows in the Inset of Figure 1). As typically reported,19,20 
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originate only from scattering objects possessing higher molar mass and size 
than the native chains, i.e. from PS-b-PG micelles.  
 
B) Characterization of PS-b-PG micelles 
The intrinsic size of PS-b-PG micelles with different mass fraction of 
polyglycidol block was determined from angular and concentration dependent 
laser light scattering measurements. The changes of the apparent 
hydrodynamic radii as a function of the scattering vector at copolymer 
concentration of 1 g/L are presented in Figure 3A. With increasing length of the 
polyglycidol block and increasing molecular weight of the copolymer (compare 
mainly Mn of PS120-b-PG220 and PS40-b-PG210), the radius of the particles 
increases. The size distribution of formed micelles was obtained by CONTIN 
and cumulant analysis (so-called polydispersity index PDI) of the 
autocorrelation functions. Monodisperse and polydisperse systems are 
characterized by PDI values below 0.1 and above 0.3, respectively.21 The 
distribution of the relaxation times at θ = 30° for PS-b-PG samples prepared 
from 1 g/L copolymer solutions are shown in Figure 3B. It can be noticed that 
micelles show moderately polydisperse spectra, which is additionally confirmed 
by PDI values in the range 0.18-0.29. Additionally, in all cases the distribution of 
these micellar aggregates is unimodal. The small peaks observed in the spectra 
at short relaxation times are due to the scattered points of the autocorrelation 
functions and in consequence generation of the artefacts by CONTIN analysis. 
 
A concentration dependency of the diffusion coefficient was also elaborated for 
all synthesized copolymers. The diffusion coefficient extrapolated to zero 
scattering angle (q→0) is correlated with polymer concentration according to 
equation 1: 
  )1(0, ckDqcD Dzapp      (1) 
where Dapp(c,q→0) is the diffusion coefficient measured at concentration c, Dz is 
the z-average diffusion coefficient at infinite dilution, and kD is so-called dynamic 
virial coefficient that depends on static second virial coefficient A2 and 
concentration dependence of the hydrodynamic friction in a given solvent.22 The 
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between the radius of gyration and the hydrodynamic radius, one obtains 
additional information on the particle shape.22 The Rg/Rh ratio micellesbuilt by 
copolymers with xPG < 0.5 is equal to 0.8, and the calculated value is slightly 
different than uniform sphere model and somewhat higher than typical ratio 
reported for star-like micelles (Rg/Rh = 0.71).22,23 However, it is known that the 
polydispersity of the formed particles more strongly influences the value of the 
radius of gyration than of hydrodynamic radius and, as consequence, the shape 
parameter can be overestimated.24  
For copolymers with long PG blocks, Rg/Rh should be also close to 0.775. 
However, calculated ρ-parameters were significantly higher than the limiting 
value of a hard sphere and varied from 1.1 to 1.2, indicating that particles with 
less spherical structure were formed (Table 2).  
 
Additionally, we estimated the apparent weight-average molecular weight of the 
particles. As the molar mass measured for micelles deviates from real when the 
concentration dependency of the Rayleigh ratio is not taken into account, values 
summarized in Table 2 at a concentration of 1 g/L are only given to compare 
changes in aggregation numbers between copolymers with different 
compositions. It can be noticed that the apparent Nagg., app of the particles built 
by the copolymers with xPG > 0.5 were ca. 20 times higher than these measured 
for PS160-b-PG70 and PS120-b-PG140 micelles. One cannot exclude that obtained 
Nagg., app values are influenced by uncertainty in determined dn/dc values. 
However, such high aggregation numbers were already reported in literature for 
other systems and were attributed to non-specifically aggregated block 
copolymer chains rather than well-defined single micelles. For example, Tuzar 
et al. reported values of Nagg. as large as 4000 and Rh = 52 nm in a case of 
polycaprolactone-b-polystyrene-b-polycaprolactone copolymers in a mixture of 
toluene and 2,2,3,3-tetrafluoropropanol.25 Xu et al. observed that PS-b-PEO 
copolymers formed particles in water with the aggregation numbers between 
6700 and 12000 and radii in a range of 50-70 nm.26  
 
According to the literature, formation of such anomalous particles in block 
copolymer solutions can have different origins. Zhou and Chu showed that 
commercial Pluronic underwent abnormal association due to the presence of 
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different impurities among which PPO homopolymer seemed to play the most 
crucial role.27,28 Stejskal et al. discussed that block copolymers do not form 
equilibrated micelles in a solution if the particle core is in a glassy state, non-
swollen or if there are specific interactions within a core.29 Moreover, frozen 
micellar structures can be observed if copolymers experience temporal 
structuring in a solid state (before solution preparation).28 Polyglycidol is a 
polymer with a glass transition temperature around -20 °C.30 As a consequence, 
one can exclude formation of a glassy core within the micelles. On the other 
hand, it can be assume that pendant hydroxyl groups can form intermolecular 
hydrogen bonds. Recently, Rangelov et al. studied properties of high molecular 
weight polyglycidol in water by static and dynamic light scattering methods.31 
They claim that hydroxyl groups in the PG chain might form hydrogen bonds. 
Thus, we believe that association through hydrogen bonds is the most probable 
explanation for the formation of non-equilibrated PS-b-PG micelles by 
copolymers with high polyglycidol content where cooperative bonding of 
hydroxyl groups should be strong. This could also explain long times required 
for dissolution of these copolymers in toluene. It is obvious that this subject 
needs more detailed studies which are on the way. 
 
 
4.3.2 Visualisation results 
The characteristics of the copolymer samples used in this study are given in 
Table 3.  
 
Table 3. Characteristics of PS-b-PG block copolymers used in the experiments. 
Sample Mn Mass fraction 
code PS-b-PG xPS xPG 
PS40-b-PG190 18400 0.23 0.77 
PS100-b-PG200 25700 0.42 0.58 
PS120-b-PG140 23100 0.55 0.45 
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In Figure 6 the TEM images of the PS-b-PG block copolymers are shown. The 
contrast of both blocks was good enough that a staining with RuO4 (agent for 
the PS because of the aromatic ring) was not necessary.34-37 The PG is the 
softer part of the block copolymer and because of that these parts are brighter, 
while the harder PS forms the outer, darker part. The core sizes and distance 
between the particles are summarized in Table 3 and show the same tendency 
as observed before by SFM: (i) with increasing the PS block and decreasing the 
PG block small micelles with a core size of 15 ± 5 nm were formed (C: PS120-b-
PG140), and (ii) with increasing the PG block the structure of the micelles 
changed to crew-cut micelles with a core size of 45 ± 15 nm (B: PS40-b-PG190) 
and 20 ± 10 nm (A: PS100-b-PG200). 
 
 
 
4.4 Conclusions 
 
Polystyrene-block-polyglycidol copolymers form inverse micelles in toluene. The 
characterization of particles formed by static and dynamic light scattering 
revealed that copolymers containing a mass fraction of polyglycidol block below 
0.5 self-assembly into core-shell micelles while samples with higher PG content 
form non-specifically aggregated particles due to multiple hydrogen bonds 
formation between PG units that strongly restrict their equilibration in solution. 
These PS-b-PG block copolymer micelles were coated onto a substrate and 
investigated via SFM and TEM. It could be shown that the dried micelles had 
mostly a spherical shape. 
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CHAPTER 5   
Preparation of hybrid inorganic/organic 
materials * 
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Matter 2011, 7, 587. 
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5.1 Introduction 
 
Self-assembly of block copolymers in a selective solvent leading to the 
formation of micelles has been studied for many years.1-3 Generally, these 
micelles have spherical shape with the core composed of the insoluble block 
surrounded by the corona of the soluble block. However, the shape of the 
aggregates may differ, depending on the copolymer composition and on the 
preparation conditions of the micellar solution.4-10 Loading the micellar core with 
an inorganic compound is one of the methods for the preparation of nanometer-
sized particles which can be applied for example in the preparation of electronic 
devices or in catalysis.3,11-15  
Self-assembly of polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP) block 
copolymers was investigated by many groups over a long period of time. These 
polymers are able to form micelles in toluene, which is a selective solvent for 
the PS block. The P2VP core can be loaded with different metal precursors like 
HAuCl4 leading to an ionic interaction between the nitrogen atom of the 2-vinyl 
pyridine ring and the gold salt. After spin coating of the loaded micellar solution 
on a suitable substrate and treatment of the coating with H2 plasma (or UV-
ozone) hexagonally ordered gold nanoparticles were obtained on the 
substrate.11,16-18 The length of the PS block determines the distance between 
the gold nanoparticles while the size of these particles depends on the length of 
the P2VP block.19-22  
 
Titanium dioxide (TiO2) is a material of great interest because of its excellent 
chemical, thermal and light stability, and its light scattering and photo catalytic 
properties. It has a large band gap, and is a widely used semiconductor. TiO2 is 
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used for many applications, e.g. as photo catalyst, chemical sensor, a 
component of solar or photovoltaic cells, and for opto-electronics.23-31  
For the formation of TiO2 nanoparticles starting with a titanium precursor like 
TiCl432,33 or Ti[OCH(CH3)2]4 different block copolymers like PS-b-P2VP and 
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) were used. For 
Ti[OCH(CH3)2]4 as precursor for example a mixture of the polymer micellar 
solution and sol-gel precursor solution was used for the formation of 
polymer/titanium dioxide nanocomposites.34-37 The formation of TiO2 
nanoparticles in inverse PS-b-PEO block copolymer micelles was described by 
Spatz and coworkers.38 The polymer was dissolved in toluene which is selective 
for PS and inverse micelles were formed. These micelles were treated with 
hydrochloric acid to form aqueous HCl reservoirs inside the micelles. After 
addition of the titanium precursor, this diffuses inside the micelles where 
hydrolysis occurs and TiO2 nanoparticles are formed. The interactions between 
the metal and the polymer (here the PEO block) are of non-covalent nature. 
 
The covalent interaction of the micellar core with a metal precursor has not 
been studied in detail. An example for polymer/titanium dioxide nanocomposite 
with covalent interactions between polystyrene-block-poly(methacrylic acid) 
(PS-b-PMAA) and a titanium oxo-organo cluster [Ti16O16(OEt)32] was described 
by Antonietti and coworkers.39 The polymer-titanium oxide nanocomposites 
formed have a strong chemical binding of the carboxylate groups to the oxo-
clusters by ligand exchange reaction. The resulting covalent interaction was 
detected by 17O Magic Angle Spinning (MAS) NMR, small-angle and wide-angle 
X-ray scattering (SAXS, WAXS). These nanocomposites are not well-defined 
due to the interactions with both parts of the micelles: the corona and the core. 
The advantage of a covalent interaction is higher stability of the metal loaded 
micelles at very low concentrations, even below the cmc of the pure polymer 
solution.  
 
In this chapter polystyrene-block-polyglycidol micellar solutions are loaded with 
concentrated hydrochloric acid solutions and titanium alkoxides. Reaction of the 
titanium alkoxide and the hydroxymethyl side groups of polyglycidol led to 
cross-linking of the micelle core. These cross-linked micelles could be isolated 
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via freeze-drying and could be re-dissolved to give micellar solutions also below 
cmc, proving the stability of cross-linking.40 Till now, such materials have not 
been studied in detail.39,41 Increased stability of micelles can offer new 
advantages over classical micellar systems which are prone towards dissolution 
upon experiencing concentration or temperature fluctuations.42 Parameters 
playing an essential role in the development of the nanopatterned surface, such 
as particle size and periodicity (or interparticle distance) were studied by 
scanning force microscopy (SFM) and transmission electron microscopy (TEM). 
 
 
 
5.2 Experimental Part 
 
Materials 
Concentrated hydrochloric acid (conc. HCl, 37%) and titanium(IV)-isopropoxide 
(Ti(OC3H7)4, Ti(OR)4, purum) were purchased from Fluka and were used as 
received. Toluene (≥ 99.9%) and N,N-dimethylformamide (DMF, ≥ 99.9 %) were 
purchased from Aldrich and were used as received. Syringe filters with PTFE 
membrane and pore size of 1 µm or 0.2 µm were obtained from Whatman. 
 
Synthesis 
The synthesis of PS-b-PG block copolymers was realized in a two step 
procedure: (i) Synthesis of PS-b-PEEGE by sequential anionic polymerization of 
the corresponding monomers in benzene with an alkyl lithium initiator (s-BuLi) 
and the phosphazene base P4-t-Bu. (ii) Complete deprotection of PEEGE with 
an acidic ion exchange resin (Amberlyst® 15) in THF to PS-b-PG.43-46  
The synthesis of polystyrene-block-poly(ethylene oxide) copolymer is described 
in details elsewhere.47 The sample with 100 polystyrene and 270 ethylene oxide 
units (Mn = 21800, xPEO = 0.53) was used. 
 
Loading of PS-b-PG micelles with the metal precursor  
The micellar solutions of the different PS-b-PG block copolymers in toluene 
were first treated with concentrated HCl (loading of 0.5 eq HCl/glycidol unit). 
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The loading of the PG core with HCl took about one week until the equilibrium 
on micelle side was reached and no bigger aggregates were present in the 
solution. Subsequently the HCl-loaded micelles were treated with the titanium 
precursor (loading of 0.5 eq Ti(OR)4/glycidol unit). The solutions were stirred for 
additional 24 h in order to ensure complete micelle loading. In these micellar 
cores the partly transformation of the metal precursor Ti(OR)4 to TiO2 by 
HCl/H2O took place and also condensation between the titanium and the 
polymer occured.38-40,48  
 
Thermal gravimetric analysis (TGA)  
Measurements were carried out on Netzsch Proteus TG 209C. Non-filtered and 
filtered toluene copolymer samples loaded with HCl and Ti(OR)4 were placed on 
the aluminium pans and solvent was evaporated. Samples were heated from 
30 °C up to 500 °C with a heating rate of 10 °C/min. After cooling to room 
temperature, the mass loss between samples was measured. 
 
Light scattering measurements at 25 °C  
Static light scattering (SLS) measurements were carried out on the modified 
Sofica goniometer (SLS Systemtechnik, Denzlingen) combined with a helium-
neon laser  generating green light with a wavelength of 543 nm or ALV setup 
with CGS-3 goniometer, pseudo cross-correlation detector and helium-neon 
laser with a wavelength of 633 nm. The time-averaged intensity of a laser light 
scattered by PS-b-PG solutions with concentrations between 0.5 and 10.0 g/L 
was measured in the angular range from 25° to 145° with a step of 5°. Berry’s 
method was chosen to calculate the weight-average molecular weight Mw, z-
average radius of gyration Rg and the second virial coefficient A2 of micelles 
from angular and concentration dependence of the excesses Rayleigh ratio.  
Refractive index increment (dn/dc) of PS-b-PG toluene solutions was measured 
with an Optilab DSP differential refractometer (Wyatt) operating at 690 nm. Prior 
to the measurements, solutions were filtered through PTFE syringe filters with 
1.0 µm pore size.  
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Dynamic light scattering (DLS) experiments were performed in a self-beating 
mode on ALV set-up consisting of ALV-SIPC photomultiplier, multiple tau digital 
real-time ALV-7004 correlator, and a solid state laser (Koheras) with a 
wavelength of 473 nm. Measurements were performed between 30° and 120° 
with a step of 5° (in some cases 10°). The time of a single measurement was 
set to 180 or 300 seconds. Experimentally measured autocorrelation functions 
(ACF) of intensity fluctuations g(2)(t) were analyzed with CONTIN algorithm, 
giving the distribution of the relaxation time t. The latter parameter is inversely 
proportional to the relaxation rate Γ = D·q2, where D is the diffusion coefficient 
and q is the scattering vector defined as (4πn0/λ0) sin(θ/2). The corresponding 
hydrodynamic radius was calculated using Stokes-Einstein relationship.  
The time-averaged scattered intensity changes used for the determination of 
the critical micellization concentrations (cmc) of the PS-b-PG copolymers in 
toluene were measured at 90° using ALV set-up described above. Solutions 
were firstly measured without filtration and if necessary they were purified using 
PTFE syringe filters with 1.0 µm pore size. 
Small-angle X-ray scattering (SAXS) measurements were done using S-
MAX3000 pinhole camera and MicroMax-002+ microfocus X-ray generator from 
Rigaku. The wavelength of the generated radiation was 1.54 Å and the range of 
the scattering vector from 0.004 to 0.16 Å was covered. Samples with a 
concentration of 10 g/L were filtered through 1.0 µm PTFE filters directly into 
capillary tubes which were sealed before measurements. The obtained 
scattering curves were transformed via indirect Fourier transformation (ITF) into 
a pair-distance distribution functions.47  
 
Visualisation techniques 
Prior to microscopy investigations the micellar solutions were filtered with 
syringe filters (Whatman® ReZist 13 / 0.2 PTFE).  
Scanning force microscopy (SFM) was performed with a Nanoscope III (Digital 
Instruments) microscope. Investigations in the tapping mode were carried out 
with Si-cantilevers (Nanosensors) with a spring constant of approx. 50 N/m and 
a tapping frequency around 350 kHz. Images were edited with Nanoscope 
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Table 1. Characteristics of copolymer samples used in the experiments. 
Sample Mn Mass fraction (dn/dc) 
code PS-b-PG xPS xPG [mL/g] 
PS40-b-PG210 19800 0.22 0.78 0.0131 
PS120-b-PG220 28800 0.43 0.57 0.0173 
PS120-b-PG140 23100 0.55 0.45 0.0321 
PS160-b-PG70 22100 0.76 0.24 0.0580 
  
 
A) Influence of HCl(aq.) on the structure of PS-b-PG micelles in toluene 
As copolymers with PG content higher than 0.5 formed non-equilibrated 
micelles in toluene and showed complex aggregation behaviour, we decided to 
use PS120-b-PG140 (with xPG = 0.45) for the preparation of cross-linked particles. 
This sample was characterized by well-defined structure and hydrodynamic 
behaviour also at higher concentrations (see Chapter 4), which is especially 
important from the application point of view. In the present work, self-assembled 
copolymer chains in toluene are first loaded with concentrated aqueous HCl 
solution, followed by the addition of titanium tetraisopropoxide. In such a case, 
the aqueous phase diffuses into the micellar core, forming a compartment 
where a sol-gel process occurs. The presence of the acid accelerates 
hydrolysis and condensation.49 As shown in Scheme 1, HCl activates the 
titanium alkoxide for condensation with the hydroxyl groups of polyglycidol, 
leading to a covalent linking of the organic and inorganic components.  
 
When PS120-b-PG140 solutions are loaded with aqueous HCl, solution turbidity 
appears. The higher the loading is, the stronger is the opacity of the samples. 
This can be explained by the fact that not well-dispersed aqueous phase 
immediately forms big miniemulsion droplets stabilized by copolymer chains. In 
this way, a certain fraction of primarily formed small spherical micelles is lost. 
For further studies, we chose a system with 0.5 or 1.0 eq of HCl with respect to 
the glycidol unit as typically used in the previous reports.50 To reduce the 
turbidity, the solutions were filtrated before light scattering experiments through 
1.0 µm PTFE filters. Thermogravimetrical measurements revealed that after 
filtration of loaded samples, around 10-15 % of the initial polymer mass is lost. 
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Scheme 1. Cross-linking reaction in micellar core. 
 
In Figure 2A the distribution of the relaxation time of the autocorrelation function 
at a scattering angle of 90° for 0.5 eq HCl-loaded PS120-b-PG140 micelles is 
shown.  
The distribution is described by two relaxation processes. It is to be noted that 
both of them show pure diffusive character as the plot of Γ vs. q2 passes the 
origin (Inset in Figure 2B). The spectrum is dominated by a peak at higher 
relaxation times (so-called slow mode) which corresponds to the diffusion of the 
particles with the apparent Rh = 100 nm. However, one can also see a 
pronounced peak at shorter relaxation time (so-called fast mode) which should 
correspond to single micelles. To clearly assign both modes to certain types of 
structures formed in solution, angular dependant measurements were 
performed (Figure 2B). The fast mode does not show angular dependency 
(Figure 2A), giving extrapolated Rh value around 20 nm. As a consequence, it 
corresponds to single micelles loaded with HCl. On the other hand, for the slow 
mode the hydrodynamic radius strongly depends on the scattering angle and 
the extrapolated Rh value was equal to 136 nm. These big particles in a sample 
loaded with HCl(aq.) resulted from water droplets in toluene solution stabilized by 
PS120-b-PG140 copolymer. However, it should be emphasized that the scattered 
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B) Loading of titanium tetraisopropoxide into PS-b-PG(HCl) micelles in 
toluene 
As discussed above, aqueous solution of hydrochloric acid within the micelles 
catalyzes the reaction between the titanium alkoxide and the glycidol units, 
leading to the formation of inorganic particles with sizes limited by the micellar 
core. To confirm constrained hydrolysis of titanium tetraisopropoxide within the 
micelles, small angle X-ray scattering was used, as titanium possess very high 
contrast in comparison with organic polymeric material.  
 
In Figure 3A, the pair-distance distribution function p(r) for neat PS120-b-PG140 
copolymer sample at concentration of 10 g/L is shown and compared with 
samples of the same copolymer concentration but loaded with 1.0 eq 
HCl/titanium tetraisopropoxide. P(r) reveals maxima at 18 and 22 nm for non-
loaded and loaded micelles, respectively. The observed difference is a 
consequence of swelling of the PG core by low molecular weight components. 
Additionally, the peak maximum of the pair-distance distribution function for 
loaded micelles increases. This enhancement comes from Ti-based 
nanoparticles formed upon hydrolysis of the alkoxide in an acidic 
microenvironment inside the core. On the other hand, one can see a 
pronounced shoulder in p(r). This phenomenon results from imposition of the 
pair-distance distribution functions from particles with two different sizes – one 
should remember that we observed a fraction of particles with Rh > 100 nm in 
DLS measurements. 
The latter conclusion is supported by the results presented in Figure 3B. It can 
be seen that scattering curves obtained for non-loaded PS-b-PG micelles and 
micelles loaded with HCl and titanium alkoxide have the same slope in q range 
between 0.01 and 0.1 Å; however it is shifted upward for the scattering vectors 
below 0.01 Å in comparison to the non-loaded system. This indicates a 
presence of scattering objects with different length scales (bigger sizes), which 
after indirect Fourier transformation appear as a shoulder in the pair-distance 
distribution function. However, if lower scattering vectors were accessible, one 
should observe the evolution of the whole scattering curve of these aggregates 
and in consequence second peak in the p(r) should be observed.51  
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about 2-3 orders of magnitude smaller than for copolymer micelles without 
loading, and the experimental points are strongly scattered. The calculated 
radius of gyration is equal to ca. 2 nm; however, this value is apparent due to 
high uncertainty of the experimental data. Nevertheless, on this basis we can 
state that titanium tetraisopropoxide was stable in toluene and non-controlled 
hydrolysis of the alkoxide (for example, outside micelles) in the experiments 
with PS-b-PG micelles can be ruled out. 
 
To verify the permanent linkage between the organic and inorganic components 
and thus formation of stable hybrid particles, the following experiments were 
performed. First, micellar solutions loaded with HCl and titanium 
tetraisopropoxide were diluted far below critical micellization concentration. 
Second, the loaded micelles were isolated by freeze-drying and treated with 
DMF, which is a good solvent for both blocks. If covalent bonds are not formed 
within the core, micelles should disintegrate to unimers.  
In Figure 4, the normalized intensity autocorrelation functions g(2)(t) and the 
corresponding distributions of the hydrodynamic radii are shown for PS120-b-
PG140 micelles with 0.5 eq HCl/Ti(OR)4 at different concentrations. For 
comparison, a block copolymer solution containing only HCl was diluted in the 
same way. It can be seen that at c = 0.05 g/L a scattering signal from micelles 
containing only HCl is no longer detected, as a consequence of dissociation 
below cmc (0.25 g/L, see Chapter 4, Table 2). On the other hand, 
autocorrelation functions measured for the micelles with titanium alkoxide 
showed no change upon dilution. This indicates that the stability of these 
micelles in the presence of the alkoxide is much higher than of the native PS-b-
PG micelles. The corresponding hydrodynamic radii distributions were also 
evaluated and are given in Figure 4B. Here, one can clearly see that a decrease 
in concentration of HCl-loaded micellar system induced disintegration. On the 
other hand, the distributions for micelles immobilized with HCl and Ti(OR)4 are 
the same even below cmc. Slight broadening may come from swelling of the 
micelles below cmc.  
However, as reported for coordinative interactions between polymer and metal 
salts, the stability of the micelles can be strongly enhanced and several weeks 
are required to see their full disintegration on the surface.52 
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The laser light intensities scattered by PS120-b-PG140 solutions decreased 
around 25 % up to 2 weeks from dilution, which led also to a decrease of the 
intercept of the normalized intensity autocorrelation function (Figure 5B). 
Additionally, the distribution of the hydrodynamic radius recorded after 3 weeks 
from solution preparation revealed a maximum in Rh, app close to the single 
micellar particles, as shown in the inset of Figure 5B. Thus, the observed 
intensity drop is mainly due to dissolution of larger particles, which contributed 
more strongly to the scattered intensity; however, as already mentioned, their 
number fraction in the sample is low. This dissolution effect can arise from 
partial hydrolysis of the C-O-Ti bond in acidic aqueous environment present in 
the micellar core. 
 
To exclude all these factors, the stability of formed hybrid micelles was checked 
with another approach. The block copolymer without and with HCl/Ti(OR)4 were 
first prepared in benzene and stirred for at least 24 hours, followed by freeze-
drying. Preparation of a sample in benzene instead of toluene had no influence 
on micellar size and its distribution. It was also found that re-dissolving of 
freeze-dried micelles in benzene resulted in the same particle size and slightly 
broader distribution (data not shown). However, during the freeze-drying step, 
water and HCl are removed from the internal micellar compartment and as a 
consequence hydrolysis of C-O-Ti bond can be effectively limited. Loaded and 
unloaded micelles were re-dispersed in DMF and analyzed with light scattering. 
The intensity autocorrelation function for solution containing hybrid cross-linked 
micelles and the calculated distribution is shown in Figure 6A and 6B, 
respectively. Additionally, the ACF for block copolymer micelles loaded only 
with HCl is also shown for comparison purposes.  
Firstly, it can be clearly seen that micelles with hydrochloric acid and titanium 
tetraisopropoxide were characterized by normalized autocorrelation function 
with high intercept while for block copolymer containing only HCl, the ACF was 
again similar to that for pure toluene. A high ACF intercept in DMF indicates 
undoubtedly that the stability of the hybrid PS-b-PG micelles could result only 
from permanent connection between polyglycidol units and hydrolyzed alkoxide 
within the core. The calculated distribution of Rh, app shows a relatively broad 
peak with a maximum around 70 nm. This proves that the presence of a good 
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In Figure 7, dynamic light scattering results for (A) micelles loaded only with HCl 
and (B) with HCl and Ti(OR)4 are presented. Solutions with the copolymer 
concentration of 5 g/L and 0.5 eq HCl/Ti(OR)4 were diluted below the critical 
micellization concentration. It can be seen that dilution decreases stability of the 
micelles containing only hydrochloric acid. Again at c = 0.05 g/L, ACF has a 
shape typical for pure toluene. On the other hand, system containing 
additionally alkoxide within micellar core showed higher stability at c = 0.5 g/L 
due to a presence of hydrogen bonds between oxygen atom of PEO and 
hydroxyl groups of hydrolysing alkoxide. Nevertheless, below cmc, the micelles 
disintegrate to single copolymer chains, giving very weak signal. 
The conclusion from the performed experiments is that relatively weak 
hydrogen bonds formed between PEO units and hydrolyzing precursor are not 
enough to ensure integrity of the particles in solution below the cmc.  
 
 
5.3.2 Visualisation results 
The characteristics of the copolymer samples used in this study are given in 
Table 2.  
 
Table 2. Characteristics of PS-b-PG block copolymers used in the experiments. 
Sample Mn Mass fraction 
code PS-b-PG xPS xPG 
PS40-b-PG190 18400 0.23 0.77 
PS100-b-PG200 25700 0.42 0.58 
PS120-b-PG140 23100 0.55 0.45 
 
The cross-linked micelles were visualized by SFM and TEM techniques. 
Therefore the micellar solution loaded with conc. HCl and Ti(OR)4 was cast onto 
a mica surface by spin-coating for SFM studies. For TEM analysis a droplet of 
the titanium-loaded micelles was placed on Formvar-coated copper TEM grid 
and the solvent was evaporated.  
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analyzed by SFM and TEM. As a consequence, stable hybrid micelles are 
obtained which in the following can be used for highly controlled nanostructuring 
of TiO2 on the surface and for the preparation of release systems.  
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CHAPTER 6   
Highly ordered TiO2 nanoparticles  
on silicon wafers * 
 
* Reproduced partly from: M. Siebert, K. Albrecht, R. Spiertz, H. Keul, M. Möller, Soft Matter 
2011, 7, 587. 
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6.1 Introduction 
 
The patterning of different surfaces with inorganic metal nanoparticles are of 
great interest in the last decades due to their physical and chemical properties.1-
15 These nanopatterned surfaces are used for various applications: for 
electronics, data storage, optics, catalysis, in biotechnology or 
(bio)medicine.10,16  
One well-studied example is the patterning of surfaces with gold nanoparticles 
where amphiphilic block copolymers served as templates for the preparation of 
well-defined gold nanostructures.2,17,18 The polystyrene-block-poly(2-vinyl 
pyridine) (PS-b-P2VP) micellar solution were loaded with the gold precursor salt 
HAuCl4. The gold-loaded micelles were casted onto different substrates (mica, 
silicon wafer or glass) as thin films. Plasma or UV-ozone treatment removes the 
organic matrix and converts the precursor salt to single gold dots. Several other 
metallic precursors were also used for the preparation of metal nanoparticles or 
metal oxides.1,7,9-11,16,18,19  
 
Titanium dioxide (TiO2) is a material of great interest because of its excellent 
chemical, thermal and light stability, and its light scattering and photo catalytic 
properties. It has a large band gap, and is a widely used semiconductor. TiO2 is 
used for many applications, e.g. as photo catalyst, chemical sensor, a 
component of solar or photovoltaic cells, and for opto-electronics.20-28  
 
For the synthesis of TiO2 nanoparticles a variety of strategies were used, e.g. 
the sol-gel process or the use of block copolymer templates.17,29-35 In the sol-gel 
process TiO2 is obtained via acid-catalyzed hydrolysis of titanium(IV) alkoxide 
followed by condensation.29,30 Another example is the use of block copolymers 
which act as nanoreactors for the TiO2 nanoparticle preparation. A combination 
Chapter 6 
 
98 
of block copolymer micelles – polystyrene-block-poly(ethylene oxide) (PS-b-
PEO), polybutadiene-block-poly(ethylene oxide) (PB-b-PEO) or polyisoprene-
block-poly(ethylene oxide) (PI-b-PEO) – with titanium isopropoxide as precursor 
and a microwave treatment was used to prepare TiO2 in a hexagonal 
arrangement.17,35 Russell and coworkers prepared TiO2 nanoparticles by PS-b-
PEO block copolymers and TiCl4 as titanium precursor.19  
 
In this chapter results on the preparation of hexagonally ordered TiO2 
nanoparticles on the surface of a solid support (silicon wafer) by using titanium 
alkoxide loaded PS-b-PG micellar solutions. One block copolymer (PS120-b-
PG140) and titanium(IV) isopropoxide as precursor were used in all experiments. 
Well-defined PS-b-PG block copolymers were synthesized by sequential 
anionic polymerisation.36 The reactive amphiphilic PS-b-PG block copolymers 
increase the stability of micelles in toluene solution and give a better control on 
monodisperse TiO2 nanoparticles with a well-defined size and distribution.31,32 
Formation of stable particles with covalently frozen cores was proven before by 
dynamic light scattering (see Chapter 5).32 Parameters playing an essential role 
in the development of the nanopatterned surface, such as particle size and 
particle distribution were studied by scanning force microscopy (SFM) and field 
emission gun scanning electron microscopy (FESEM). The chemical nature of 
the formed TiO2 nanoparticles after plasma treatment was verified by X-ray 
photoelectron spectroscopy (XPS). 
 
 
 
6.2 Experimental Part 
 
Materials 
Concentrated hydrochloric acid (conc. HCl, 37%) and titanium(IV)-isopropoxide 
(Ti(OC3H7)4, Ti(OR)4, purum) were purchased from Fluka and were used as 
received. Toluene (≥ 99.9%), and N,N-dimethylformamide (DMF, ≥ 99.9 %)  
were purchased from Aldrich and were used as received. PTFE syringe filters 
(Rezist 13 / 0.2 PTFE) with a pore size of 0.2 µm were purchased from 
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Whatman. Silicon wafers (CrysTec GmbH) were cleaned in isopropanol (p.a., 
KMF) with ultrasonic treatment at 25 °C for 15 min. 
 
Synthesis 
The synthesis of PS-b-PG block copolymers was realized in a two step 
procedure and is described elsewhere (see Chapter 3).36 (i) Synthesis of PS-b-
PEEGE by sequential anionic polymerization of the corresponding monomers in 
benzene with an alkyl lithium initiator (s-BuLi) and the phosphazene base P4-t-
Bu. (ii) Complete deprotection of PEEGE with an acidic ion exchange resin 
(Amberlyst 15®) in THF to PS-b-PG.36-39  
 
Methods 
Scanning force microscopy (SFM) was performed with a Nanoscope III (Digital 
Instruments) microscope. Investigations in the tapping mode were carried out 
with Si-cantilevers (Nanosensors) with a spring constant of approx. 50 N/m and 
a tapping frequency around 350 kHz. Images were edited with Nanoscope 
software (v5.12r5).  
For the plasma treatment hydrogen plasma was generated by a TePla 100-E 
system with 100 W at gas pressure of 0.6 mbar for 60 min.  
Substrates patterned with TiO2 nanoparticles were examined by field emission 
gun scanning electron microscopy (FESEM, Hitachi S-4800) operated at an 
acceleration voltage of 1.0 kV and a working distance of 2.5 mm.  
X-ray photoelectron spectroscopy (XPS) measurements were carried out in an 
Ultra AxisTM spectrometer (Kratos Analytical). The samples were irradiated with 
monoenergetic Al Kα1,2 radiation (1486.6 eV) and the spectra were taken at a 
power of 144 W (12 kV x 12 mA). The aliphatic carbon (C-C, C-H) at a binding 
energy of 285 eV (C 1s photo line) was used to determine the charging. The 
spectrum of the blank Si-wafer served as a reference.  
 
Preparation of titanium-loaded micellar solutions 
Normally a stock solution of the block copolymer with c = 5 g/L in dry toluene 
was prepared. This micellar solution was first treated with concentrated HCl 
(loading of 0.5 eq HCl/glycidol unit). The loading of the PG core with HCl took 
about one week until the equilibrium on micelle side was reached and no bigger 
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aggregates were present in the solution. Subsequently the HCl-loaded micelles 
were treated with the TiO2 precursor (loading of 0.5 eq Ti(OR)4/glycidol unit). 
The solutions were stirred for 24 h in order to ensure complete micelle loading. 
Transformation of the metal precursor Ti(OR)4 to TiO2 by aqueous HCl took 
place within the micellar cores, in addition condensation between Ti(OR)4 and 
the polymer occured.31-35  
 
Preparation of TiO2 nanoparticles on a Si-wafer 
A titanium-loaded micellar solution of PS120-b-PG140 was spin-coated (max. 
speed of 4000 rpm) on a silicon wafer to form a thin film. These coated 
substrates were treated with hydrogen plasma and the formed TiO2 
nanoparticles were analyzed by FESEM, SFM and XPS.31 
 
 
 
6.3 Results and Discussion 
 
In this work reactive amphiphilic PS-b-PG block copolymers were used for the 
preparation of micellar solutions in a selective solvent for one of the two blocks 
(see Chapter 4). The monodispers micelles were loaded with concentrated 
hydrochloric acid and titanium alkoxide, which led to the formation of cross-
linking inside the micellar core (see Chapter 5).31,32 The cross-linked micellar 
thin film allowed a preparation of hexagonally ordered TiO2 nanoparticle coating 
after plasma treatment (Figure 1). 
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Preparation of titanium-loaded micelles 
The PS-b-PG block copolymer (PS120-b-PG140) forms uniform micelles in 
toluene (see Chapter 4), which is a selective solvent for polystyrene, as 
depicted in the SFM image of Figure 2A. The micellar solution was treated with 
conc. HCl and subsequently with Ti(OR)4 (both with 0.5 eq/glycidol unit) to 
obtain titanium-loaded micellar core, which were cross-linked via a covalent 
bonding between the hydroxyl side group of the PG block and the titanium 
alkoxide (see Chapter 5). In Figure 2B the SFM image of the cross-linked 
micelles is shown. 
 
Figure 2. SFM images of PS120-b-PG140 block copolymer. A: pure micelles; B: cross-linked 
micelles; C: TiO2 nanoparticles after plasma treatment. 
 
It could be shown that before loading with the titanium alkoxide the PG core 
was the softer part of the block copolymer, but after loading the titanium 
alkoxide lead to an opposite effect, the core is now harder than the PS shell.  
 
The periodicity (before and after loading) is equal at 25 ± 5 nm, only the height 
is changing from 10 ± 0.6 nm (pure micelles) to 4 ± 0.2 nm (cross-linked 
micelles). The measured values are summarized in Table 2. The periodicity was 
stable because the titanium alkoxide only influences the PG core and the 
micelles became more stable due to the cross-linking reaction. 
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Table 2. SFM and TEM data of PS120-b-PG140 block copolymer before (pure micelles) and after 
loading with conc. HCl and Ti(OR)4 (cross-linked micelles). 
PS-b-PG 
Height1 Periodicity1 Core2 
[nm] [nm] [nm] 
Pure micelles 10 ± 0.6 25 ± 5 15 ± 5 
Cross-linked micelles 4 ± 0.2 25 ± 5 10 ± 5  
 
1: determined from SFM; 2: determined from TEM (see Chapter 5) 
 
 
Formation of TiO2 by plasma treatment 
The cross-linked micelles of PS120-b-PG140 were patterned via spin-coating onto 
a silicon wafer to obtain a thin film of ordered titanium-containing micelles. 
These thin films were treated with hydrogen plasma to remove the organic 
material and convert the titanium alkoxide to well-defined TiO2 nanoparticles. As 
shown in the SFM image (Figure 2C) and the FESEM images (Figure 3A + B) 
the TiO2 nanoparticles are hexagonally ordered with a relatively narrow size 
distribution: particle size is 10 ± 3 nm and a periodicity of 23 ± 2 nm. The 
measured values were compared to the values of cross-linked micelles before 
plasma treatment, which are given in Table 2: particle size is 10 ± 5 nm and 
periodicity of the particles is 25 ± 5 nm.  In both cases, before and after plasma 
treatment, the values were at the same level. In the TiO2 coating only some 
small defects are present and the ordering of TiO2 particles over large areas 
was improved with respect to the particles prepared by non-covalent 
interactions with PS-b-PEO block copolymers.35 
 
The formation of TiO2 nanoparticles was proven via XPS analysis. In the case 
of pure TiO2, two peaks are expected at approximately 459.0 and 464.9 eV for 
Ti2p3/2 and Ti2p1/2, respectively.21,40,41 In Figure 3C the Ti2p XPS spectrum shows 
the two characteristic peaks of titanium dioxide at 460.6 and 466.3 eV, which 
are close to the literature values.21,40,41  
 
 
Chapte
104 
Figure 3
images a
The XPS
 
 
 
6.4 Co
 
Amphip
polyme
selectiv
precurs
covalen
titanium
and a
nanopa
microsc
 
 
 
r 6 
. FESEM i
t magnificat
 Ti2p spectru
nclusions
hilic PS-b
rization. T
e solvent
or, which 
t linkage 
-loaded m
fter plasm
rticles we
opic techn
mages and 
ion of 50 k (A
m (C) confir
 
-PG block
he well-de
. The mice
led to the
between th
icellar so
a treatm
re obtaine
iques and
XPS Ti2p s
) and 180 k
med the nat
 copolyme
fined bloc
llar soluti
 formatio
e hydroxy
lutions we
ent of 
d. The T
 XPS ana
pectrum of 
 (B) show h
ure of partic
rs were sy
k copolym
on was tre
n of cross
l group of 
re coated 
these film
iO2 nanop
lysis confir
plasma trea
exagonally o
les. 
nthesized
ers form 
ated with
-linked m
PG side c
as thin film
s hexag
articles co
ms the pa
ted sample
rdered TiO2
 by seque
micelles in
 HCl and 
icellar cor
hain and T
s onto a s
onally or
uld be vi
rticle natu
 
. The FESE
 nanoparticle
ntial anion
 toluene 
the titaniu
es due to 
i(OR)4. Th
ilicon waf
dered TiO
sualized v
re. 
 
M 
s. 
ic 
as 
m 
a 
e 
er 
2 
ia 
Highly ordered TiO2 nanoparticles on silicon wafers 
 
105 
6.5 References 
 
(1) Segalman, R. A. Materials Science & Engineering R-Reports 2005, 48, 191. 
(2) Chen, J. Y.; Mela, P.; Möller, M.; Lensen, M. C. ACS Nano 2009, 3, 1451. 
(3) Nie, Z. H.; Kumacheva, E. Nature Materials 2008, 7, 277. 
(4) Guo, L. J. Advanced Materials 2007, 19, 495. 
(5) Lensen, M. C.; Mela, P.; Mourran, A.; Groll, J.; Heuts, J.; Rong, H. T.; Möller, M. 
Langmuir 2007, 23, 7841. 
(6) Darling, S. B. Progress In Polymer Science 2007, 32, 1152. 
(7) Geissler, M.; Xia, Y. N. Advanced Materials 2004, 16, 1249. 
(8) Hammond, P. T. Advanced Materials 2004, 16, 1271. 
(9) Ling, M. M.; Bao, Z. N. Chemistry Of Materials 2004, 16, 4824. 
(10) Hamley, I. W. Nanotechnology 2003, 14, R39. 
(11) Sanchez, C.; Lebeau, B.; Chaput, F.; Boilot, J. P. Advanced Materials 2003, 15, 1969. 
(12) Ma, H.; Jen, A. K. Y.; Dalton, L. R. Advanced Materials 2002, 14, 1339. 
(13) Xia, Y. N.; Gates, B.; Yin, Y. D.; Lu, Y. Advanced Materials 2000, 12, 693. 
(14) Xia, Y. N.; Whitesides, G. M. Annual Review Of Materials Science 1998, 28, 153. 
(15) Ozin, G. A. Advanced Materials 1992, 4, 612. 
(16) Lee, Y. S. Self-Assembly and Nanotechnology - A Force Balance Approach; John Wiley 
& Sons, Inc.: Hoboken, New Jersey, 2008. 
(17) Gorzolnik, B. PhD thesis, RWTH Aachen, 2007. 
(18) Mössmer, S. PhD thesis, Ulm University, 1999. 
(19) Kim, D. H.; Kim, S. H.; Lavery, K.; Russell, T. P. Nano Letters 2004, 4, 1841. 
(20) Chappel, S.; Chen, S. G.; Zaban, A. Langmuir 2002, 18, 3336. 
(21) Connolly, J. S. Photochemical Conversion and Storage of Solar Energy; Academic 
Press: New York, 1981. 
(22) Diebold, U. Surface Science Reports 2003, 48, 53. 
(23) Fujishima, A.; Honda, K. Nature 1972, 238, 37. 
(24) Liu, G. M.; Jaegermann, W.; He, J. J.; Sundstrom, V.; Sun, L. C. Journal Of Physical 
Chemistry B 2002, 106, 5814. 
(25) Memming, R. Photoelectrochemical Solar Energy Conversion; Springer Verlag: Berlin, 
1988. 
(26) Schiavello, M. Heterogeneous Photocatalysis; John Wiley and Sons: New York, 1997. 
(27) Serpone, N.; Perlizzetti, E. Photocatalysis: Fundamentals and Applications; John Wiley 
and Sons: New York, 1989. 
(28) Weng, C. C.; Hsu, K. F.; Wei, K. H. Chemistry Of Materials 2004, 16, 4080. 
(29) Chen, X.; Mao, S. S. Chemical Reviews 2007, 107, 2891. 
(30) Hench, L. L.; West, J. K. Chemical Reviews 1990, 90, 33. 
(31) Siebert, M.; Albrecht, K.; Spiertz, R.; Keul, H.; Möller, M. Soft Matter 2011, 7, 587. 
(32) Siebert, M.; Henke, A.; Eckert, T.; Richtering, W.; Keul, H.; Möller, M. Langmuir 2010, 
26, 16791. 
Chapter 6 
 
106 
(33) Spatz, J. P.; Eibeck, P.; Mössmer, S.; Möller, M.; Herzog, T.; Ziemann, P. Advanced 
Materials 1998, 10, 849. 
(34) Steunou, N.; Förster, S.; Florian, P.; Sanchez, C.; Antonietti, M. Journal Of Materials 
Chemistry 2002, 12, 3426. 
(35) Spatz, J.; Mössmer, S.; Möller, M.; Kocher, M.; Neher, D.; Wegner, G. Advanced 
Materials 1998, 10, 473. 
(36) Siebert, M.; Keul, H.; Möller, M. Designed Monomers and Polymers 2010, 13, 547. 
(37) Esswein, B.; Möller, M. Angewandte Chemie-International Edition In English 1996, 35, 
623. 
(38) Esswein, B.; Steidl, N. M.; Möller, M. Macromolecular Rapid Communications 1996, 17, 
143. 
(39) Toy, A. A.; Reinicke, S.; Müller, A. H. E.; Schmalz, H. Macromolecules 2007, 40, 5241. 
(40) Bullen, H. A.; Garrett, S. J. Nano Letters 2002, 2, 739. 
(41) McKay, J. M.; Henrich, V. E. Surface Science 1984, 137, 463. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
107 
 
 
Acknowledgment 
 
The work described in this thesis was carried out at the Institute of Technical 
and Macromolecular Chemistry and DWI at RWTH Aachen, under the guidance 
of Professor Dr. Martin Möller. The results presented in this thesis would not 
have been possible without the support of many people. Here I would like to 
express my gratefulness to everyone who was involved in the development of 
this thesis. 
 
First of all, I would like to thank Professor Dr. Martin Möller for the interesting 
topic, for his scientific support and for giving me a large freedom in organisation 
of my work. 
 
I gratefully acknowledge my supervisor Dr. Helmut Keul for all the motivating 
discussions, his continuous scientific support and for the critical revision of this 
thesis. 
 
I also wish to thank Dr. Krystyna Albrecht-Groll and Dr. Petra Mela for the co-
supervision and guidance during my work with micelles, nanoparticles and thin 
films. 
 
I also thank Professor Dr. Walter Richtering, Dr. Thomas Eckert (both from the 
IPC) and Dr. Artur Henke for the cooperation concerning the light scattering 
experiments. 
 
I would also acknowledge Dr. Robert Kaufman and Joachim Roes for the XPS 
measurements, René Spiertz for the plasma treatment and FESEM analysis, 
and last but not least, the NMR and SEC team in the MC and OC institute. 
 
One big “thank you” goes to Dr. Błażej Gorzolnik and Dr. Peter Gasteier who 
introduced me patiently into the work with the high vacuum line and the glove-
boxes. 
  
108 
 
 
My gratitude goes to Dr. Heidrun Keul for her revision of this thesis.  
 
Thank you very much Rainer Haas, Wilfried Steffens and Andre Ampen for your 
help in any question or technical problem. 
 
Special words of thanks go to my “big lab” and “3rd floor” colleagues, and of 
course the “AK Keul” for the nice working atmosphere and the wonderful time at 
work and after work. 
 
All co-workers at DWI and ITMC, for the inspiring collaboration and the non-
scientific activities we did together, have my appreciation. 
 
Many thanks also to Angela, Britta, Haika, Heidrun, Julia, Kristina, Mona, Nina, 
Priya, Ramona, René and Sascha for many great hours inside and outside the 
institute. 
 
In the end, I dedicate many thanks to my parents, my brother and the rest of my 
family for their never-ending support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
109 
 
 
List of Publications 
 
 
Siebert, M., Keul, H., Möller, M., Synthesis of well-defined polystyrene-
block-polyglycidol (PS-b-PG) block copolymers by anionic 
polymerisation. Designed Monomers and Polymers 13 (2010), pp. 547-
563. 
 
 
Siebert, M., Henke, A., Eckert, T., Richtering, W., Keul, H., Möller, M., 
Polystyrene-block-polyglycidol micelles cross-linked with titanium 
isopropoxide. Laser light and small angle X-ray scattering studies on their 
formation in solution. Langmuir 26 (2010), pp. 16791-16800.  
 
 
Siebert, M., Albrecht, K., Spiertz, R., Keul, H., Möller, M., Reactive 
amphiphilic block copolymers for the preparation of hybrid 
organic/inorganic materials with covalent interactions between polymer 
and metal. Soft Matter 7 (2011), pp. 587-594. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
110 
 
 
Curriculum Vitae 
 
     Melanie Siebert 
     19.02.1980 in Hannover (Germany) 
 
School education 
05/1999 Final school examination (Abitur) in Hannover 
 
 
University education  
10/1999 – 02/2005 Studies in Biochemistry (Diploma) at Ernst-Moritz-
Arndt-University in Greifswald (Germany) 
 
05/2004 – 02/2005 Diploma thesis under supervision of Professor Dr. 
Peter Langer in bioorganic chemistry at Ernst-Moritz-
Arndt-University in Greifswald  
Theme: "Cyclizations of dianions with dielectrophils: 
synthesis of pharmacological relevant ring systems" 
 
10/2005 – 11/2010 PhD thesis under supervision of Professor Dr. Martin 
Möller in macromolecular chemistry at RWTH Aachen 
University (Germany)   
Theme: "Synthesis of amphiphilic block copolymers for 
the preparation of hybrid inorganic/organic materials" 
 
 
Work experience 
09 – 10/2003  Internship at IPF PharmaCeuticals GmbH in Hannover:  
Synthesis of peptide sequences via solid-state peptide 
synthesis, regio-selective cyclisation of peptides, 
preparative and analytical HPLC, LC-MS 
 
10/2005 – 03/2010 Scientific co-worker in the group of Professor Dr. Martin 
Möller at DWI an der RWTH Aachen e.V. 
 
from 01/2011 Scientific co-worker in “Product Development” at 
Fiberweb Berlin GmbH, Berlin (Germany) 
